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The overa l l  objective of t h i s  program was the development of a 
computer program tha t  cor rec ts  s o f t  parameters of a tt:enaal network such 
t h a t  the temperatures from the updated thermal network corre la tes  w i t h  the . 
measured temperature data. Evaluation of the thermal network correction 
program with the use ci two SO-node models and one 500-node model revealed 
ra the r  promising r e s u l t s  i n  many respects on the one hand but a l so  indicated 
some lid tat ions  on the other  . When complete temperature measurements a re  
avai lable  i n  a region o r  a subregion (a smallest  subregion consis ts  of a 
measured node surrounded by measured nodes), the Kalman f i l t e r i n g  method of 
processing the set of equations sequent ial ly  and each equation timewise i n  
a sequential  sense yielded ra the r  accurate correction of those parameters 
t h a t  were both observable and subject  t o  s ign i f i can t ly  changing nodal 
temperatures. Parameters t h a t  were not observable and/or insens i t ive  t o  
nodal temperatures were corrected; parameters tha t  were subjec t  t o  tempera- 
tures  tha t  did not  change s ign i f i can t ly  were corrected very l i t t l e .  
Limitations included the lack of adequately correct ing f o r  the 
parameters associated with ar i thmetic  nodes an; the ccrrect ion d i f f i c u l t i e s  
encountered when a s o f t  capacitance is mixed w i t h  s o f t  sources and/or 
conductors. Di f f i cu l t i e s  with ar i thmetic  nodes i n  pa r t  stem from the non- 
uniform temperature change of ar i thmetic  nodes from one t i m e  s l i c e  t o  
another . 
Weighing the overa l l  r e s u l t s ,  the present thermal network 
correct ion program has f u l f i l l e d  t o  a la rge  extent  the overa l l  object ive 
of  the present grogram. . 
INTRODUCTION 
1.1 Review of Phase I 
1.1.1 Objective 
The o v e r a l l  ob jec t ive  of t h i s  prograi was t o  develop a computer 
p-rogram t h a t  co r r ec t s  parameters of a thermal network given 
t r ans i en t  temperature measurement such t h a t  the  temperatures from t h e  
updated thermal 'network c o r r e l a t e s  with t he  measured temperature data. 
1.1.2 Resul ts  
Resul ts  of Phase I e f f o r t * l , *  indicated q u i t e  c l e a r l y  t h a t  up- 
da t ing  and cor rec t ion  of a thermal network is dependent upon t h e  observ- 
a b i l i t y  of t he  parameters r e l a t i v e  t o  the  temperature measurements. I f  
a l l  nodes a r e  monitored, s u f f i c i e n t  information is a v a i l a b l e  t o  co r r ec t  a l l  
parameters ( l e s s  one) of t h e  system. For t h i s  s i t u a t i o n ,  i t  appeared t h a t  
t h e  ob jec t ive  t o  co r r ec t  a l a r g e  the.rma1 network can be f u l f i l l e d  by using 
t h e  Kalman f i l t e r  cor rec t ion  technique (other  cor rec t ion  techniques1 can 
a l s o  be used). Kalman f i l t e r i n g  was chosen over o the r  methods because i t  
of fe red  a way t o  solve some of the  problems presented by temperature 
measurement s p a r s i t y ,  ye t  r e t a i n  so lu t ion  s imp l i c i t y  when t h e  number of 
measured temperatures i n  a region is complete. 
It a l s o  became q u i t e  clear t h a t  i f  a l l  nodes a r e  not monitored, 
obse rvab i l i t y  becomes a primary considerat ion t h a t  determines t he  ex ten t  t o  
which a thermal network can be corrected;  i n  general ,  smaller i s  t h e  
number of uzmeasured nodes, l a r g e r  is the  network observabi l i ty .  Observ- 
a b i l i t y  is a l s o  dt?endent upon unmeasured node loca t ion  r e l a t i v e  t o  
measured nodes. ' Corrected parametcrs are a l s o  dependent upon temperature 
measurement accuracy of t h e  measured nodes and a v a i l a b i l i t y  of accura te  
i n i t i a l  temperature of t h e  unmeasured nodes. This means t h a t  at tainment 
of t h e  o v e r a l l  ob j ec t ive  is governed by a v a i l a b i l i t y  of necessary tempera- 
t u r e  information. I f  x h i s  information does not  e x i s t ,  i t  appears t h a t  t h e  
ob jec t ives  cannot be m e t  by any cor rec t ion  method. 
Recognizing t h a t  temperature measurements w i l l  indeed be a v a i l a b l e  
a t  some of the  nodal loca t ions  but  i n  no p a r t i c u l a r  p a t t e r n ,  a s tudy was 
- 
* Superscr ipt  numbers r e f e r  t o  t he  references  l i s t e d  i n  t he  Reference 
Sect  ion. 
made t o  i s o l a t e  those s i t u a t i o n s  under which parameters a r e  observable and 
those conditions under which these parameters a r e  accurately correctable.  
b y  types of temperature spa r s i ty  s i tua t ions  were sxamined i n  the Phase I 
e f f o r t  ;2 these r e s u l t s  l e d  conceptually t o  a network correct ion procedure 
tha t  separates  the  thermal network i n t o  regions tha t  a r e  correctable  from 
those t h a t  are t o t a l l y  uncorrectable. Those regions t h a t  ere iden t i f i ed  
correctable  are subdivided i n t o  smaller network subregions t h a t  have 
t o t a l  mezsurements and subregions tha t  have sparse measurements bu: ye t  
are observable. This overa l l  network correct ion proceaurs thus provides 
a syst-tic means of operat ing on only those nework portions t h a t  are 
correctable  and hence presents  a network subdivision procedure tha t  is not 
dependent upon a f ixed pa t te rn  f o r  the  measured nodes. 
Attainment of program object ives  is dependent upon the  quant i ty  
and qua l i ty  of the  measured temperature information. For a normal thermal 
test, measured temperatures are expected t o  be of s u f f i c i e n t  number and 
accuracy to  pexmit network parameter corrections.  
It w a s  indicated above tha t  i f  a l l  of t h e  nodes a r e  monitored, 
a very l a r g e  network can be corrected. This is possible  because t h e  
governing heat  balance equations can be operated s ingly and timewise 
sequentially.  The Kalman f i l t e r  was formulated t o  take advantage of t h i s  
spec ia l  temperature measurement s i tua t ion .  
An important consideration of the  sequential  method i n  t h e  
equationwise sense is t h a t  the  expected parameter correct ion accuracy of 
t h i s  Kalman f i l t e r i n g  method cannot be expected t o  be a s  high a s  t h e  Kalman 
f i l t e r i n g  method when t he  e n t i r e  network is considered simultaneously. The 
reason f o r  t h i s  is t h a t  more information is avai lab le  f o r  correct ing an 
individual parameter with simultaneous network processing than with t h e  
equationwise sequent ial  method. Thn need f o r  t h e  latter arises from t h e  
need f o r  correct ing a l a r g e  network but subject t o  computer core l imita-  
tions and computational constraints .  
The development of the Kalman f i l t e r i n g  equations is presented i n  
Appendix B. Users ins t ruc t ions  a r e  described b r i e f l y  i n  Appendix B, but 
the  user should r e f e r  t o  Reference 3 f o r  more de ta i l .  
1,2 Phase I1 - A Propramming Effort 
Translation of the Phase I results into a systems package of sub- 
routines required major program improvements to CINDA-3C. Subroutine 
additions that comprise primarily the thermal network correction package 
also required further developmental investigation because of systems pro- 
gramming conslderations. Included in this consideration was the handling 
of arithmetic nodes which do not lend themselves readily to the Kalman filtering 
method because of the incompatibility of the network solution method and 
the filtering method. Phase I1 represented this programming effort. 
1.2.1 Modifications to CINDA-3G 
Changes to CINDA-3G are reported in Section 2. Many of these 
changes were rather major in scope and were required to accommodate the 
requirements of the thermal network correction package; others were siade 
to improve the capabilities of the program. Detailed information from a 
I 
user's standpoint is found in the SINDA Users ~anual. It should be 
particularly noted here that the acronym CINDA-3G has been replaced by the 
acronym SINDA (Systems Improved Numerical Differencing Analyzer) in order 
to refleci major improvements and subroutine additions to CINDA-3G. 
1.2.2 Thermal Network Correction Package . 
The thermrl network correction package is more than just a number 
of separate subroutines but is rather an integrated svstem that must compare 
experimental and analytical temperatures, select observable and unobservable 
. network regions, as well as make the proper parameter value corrections. 
Generation of a parameter correction package for a large network is far 
different than for a small network. Accommodation of a large network 
required the modification of Kalman filtering so that a single nodal 
equation in sequence could be processed and associated parameters corrected 
in lieu of total network processing and parameter correction; this method 
is applicable only if complete temperature measurements are available. As 
a result, two Kalman filtering versions have been developed for the con- 
ditions of complete and incomplete temperature measurements. The various 
subroutine additions are reported in Section 2 and systems orerational 
procedures are detailed in Appendix A. 
1.3 Phase I11 - An Application Phase 
I n  t h i s  phase, the  thermal network correct'ion package was appl ied 
to  two r e l a t j v e l y  small thermal models with t he  number of nodes numbering 
approximately SO and one l a r g e  model numbering about 500 nodes. The two 
" 5 h o d o "  models served t h e  purpose of determining the  systems opera t iona l  
aspec t  of t h e  thermal network cor rec t ion  package. The l a r g e r  model provided 
information about the  network s i z e  e f f e c t s  on the  parameter cor rec t ion  
method, A descr ip t ion  of t h e  two "SO-node" models and t h e  l a r g e  500-node 
model is found i n  Appendix D. Resul ts  of t he  thermal network cor rec t ion  
as appl ied t o  these  models are discussed i n  Section 3. 
2.0 PROGRAM MODIFICATLOXS TO CIh4A-3G ANI) SUBROUTINE ADDITIONS 
The integrat ion of the thermal network correct ion subroutine 
pacbge  in to  the exis t ing  CINDA-S program required a number of major 
improvements t o  CINDA-3C; in order  t o  r e f l e c t  these changes i n  t h e  pre- 
processor the  var iables  l i b r a r j ,  the improved program has been given 
the  acronym SINaA as reported in the previous section. 
The thermal network correction package is composed of several  sub- 
routines tha t  are concerned only with the  correct ion procedure. In  addition,  
a number of peripheral  subroutines tha t  in t e r face  with t h e  thermal network 
correction package were required t o  form the  systems (overall)  operat ional  
package f o r  t h e w a l  network correction. 
The program changes t o  CIMIA-3C and a brief  descr ipt ion of sub- 
routines spec i f i ca l ly  developed f o r  the present study are discussed below, 
A more de ta i led  discussion and users ins t ruc t ions  f o r  t h e  thermal network 
correction procedure a r e  found i n  Appendix B; f o r  a pore integrated SIhPA 
thermal network correction se of user ins t ruc t ions  the  SINIM Users Pianual 
should be c ~ n s u l t e d . ~  Systess operational procedure f o r  thermal network 
correction is presented in Appendix A. 
2.1 Preprocessor h d i f i c a t i o n s  
CINDA-U; preprocessor ~ o d i f i c a t i o n s  and the  CINDA-3C/SINDA 
relat ionship are indicated below; de ta i led  user  ins t ruc t ions  on da ta  input 
requirements are described in  the  SIm4 3sers Note t h a t  t h e  codes 
G S  and CGD have been replaced by meroonics STV (s ingle  interpolat ion 
variable)  and DIV (double interpolat ion variable)  but SINDA w i l l  accept 
e i t h e r  code. 
2.1.1 Data Blocks 
These inputs blocks accept CIMIA-3C header and end cards and t h e  
same general format. The use of a C in colur .  one is allowed and has t h e  
same comen t meaning a s  in F$RTm. 
2.1.2 T i t l e  Block 
The th ree  standard options (THERMAL SPCS, THERMAL LPCS o r  GENERAL) 
are continued. An output page heading of up t o  20 BCD words is stored as H. 
2e1.3 Node Data 
Input options are as follovs: 
(Col) 8 12 
N#,Ti,C $Diffusion node 
N#,Ti,< $Arithmetic node 
-N#,Ti,C $Boundary node 
CAL N#,T~,x,Y,z,u $C=X*Y *zW 
GEN N#S,#I,IN,Ti,C w e r a t e s  sequence of nodes 
The f o l l w i n g  represent linear interpolation fram array: 
SIV N#,Ti,A,F $Allows t-peratwte vary* capacitance 
DXV N#,Ti,Al,Fl,M,n $Allows temperature varying 
capacitance of two d i s s i r i l a r  
materials 
SM N#,#N,IN,A,F $Corbination of GEN 6 SIV options 
Dm N#,#N,IN,Ti,Al,FlSA2,F2 $Canbination of GEN & DIV options 
Ibe follawing referenced array contains p o l y n a i a l  coeff icients ,  
otherwise identical t o  SIV, DIV, SPI & DM. 
SPV N#,TI,A,F The urimum actual  .and re la t ive  
amber is 16383 for  arrays 
asid constants. 
$Allows t i v a r i a t e  specif icat ion of 
upaci tance  (refer  to pg.4-lO.BcT.3) 
where, N# is the node number 
N#S is the  node number s t a r t i ng  
#N is the number of nodes t o  be generated 
TI is t b s  i n i t i a l  temperature 
C is the  capacitance 
IN is the  increment fo r  node geueration (nodal, index) 
A I s  the  array 
F is a constant 
Diffusion, .arithmetic and boundary nodes may be intermingled. When 
processing node data, the program sto.es +N# and Ti fo r  arithmetic and bound- 
a 7  nodes i n  a temporary array; when node data end Is reached, the program 
w i l l  recover them and make two passes (arithmetic then boundary), add them 
t o  t h e  a c t u a l  node number a r r ay  (NAN) and temperature value array.  Each 
t h e  an a c t u a l  node number is recorded the  1 b i t  is used t o  
i nd i ca t e  a nonl inear  capacitance. Each time a va r i ab l e  capacitance is 
encountered its type (TqLC), a c t u a l  a r r a y  number (LA) and a c t u a l  constant  
number (LK) w i l l  be s t o r e d  i n  a s i n g l e  core  l oca t i i on .  I f  an argument is 
a literal i t  w i l l  be s to red  i n  an extended constants  a r ray  (EC) and the  
negat ive  of its r e l a t i v e  pos i t ion  in  the  EC a r r ay  s to red  i n  t h e  address  
posi t ion.  
The input  da t a  are s tored  a s  follows: 





and t h e  following cons tan ts  are calcula ted:  
N#D number of d i f fu s ion  nodes 
N#A number of a r i t hme t i c  nodes 
Nf B number of boundary nodes 
NLCLAF number of l oca t ions  f o r  NLC,LA,LF s to rage  
NEC number of e x t r a  cons tan ts  
The nonl inear  type NLC is s to red  i n  b i t s  0 through 5; 15  b i t s  each 
are used f o r  t he  array and constant  locat ions .  Then t h e  number of nodes 
t o t a l  (N#I+N#IHN#A+N#B) is used t o  w%te t h e  i n i t i a l  temperatures o f f  on a 
da t a  tape followed by t h e  number of ca l cu l a t ed  nodes (N#C+N#D+N%A) used f o r  
dummy Q values  followed by NID used f o r  ou tpu t t ing  capacitance values. 
Then t h e  list of a c t u a l  uode numbers can be wr i t t en  o f f  on a d i c t h n a r y  
tape. The a r r a y s  of NLC,LA,LF and EC can be held o r  be buffered ou t  as 
they w i l l  be added to. 
2.1.4 Optional Source Data 
A ;ource da t a  block which is not  available i n  CINIIA-3G has been 
included as p a r t  of the  CINDA-3G preprocessor modifications.  This source 
da t a  block is required for  the  thermal network cor rec t ion  package and 
follows an input  format' t h a t  is cons i s ten t  wi th  the  o t h e r  input  da t a  blocks. 
Consistency of  the opt ions  and the mnemonic codes was a l s o  maintained. 
The input  da ta  is s to red  i n  much the  same manner as  for the  node da t a  a s  
described above. 
Optional means t h a t  i f  there are no data f o r  the source da ta  block 
then the block header card and the END (mnemonic code) need not be incladed 
i n  the da ta  deck. A s  i n  the node da ta  block, the user input number is the 
ac tua l  number and the program assigned number is the r e l a t i v e  source number. 
Within the opt ional  source data block, the source may be a constant, a 
function of t i m e ,  a function of temperature o r  a function of both t i m e  
and temperature. It should be pa r t i cu la r ly  noted tha t  a source may not  be 
impressed on a boundary node. 
Input options are as follrrvs : 
GEN N#S,#N ,IN ,Q 
S I V  N I ,  An F 
SIT N i ,  A, F 
DIT N#,AlBFl,~2,F2 
DTV N#,AlBFl,A2,F2 
$ Q may be a user constant o r  a 
l i teral  
$ Generates a sequence of sources 
$ All-s a temperature varying 
source 
$ Allows a time varying source 
$ Allows two t i m e  varying sources 
t o  a node 
$ Allows a t i m e  varying source and 
a temperature varying source t o  
a node 
where, N# is the node number 
N#S is the s t a r t i n g  node number 
#N is the number of nodes t o  be generated 
Q is the source as a user constant o r  as a literal 
IN is the increment f o r  node generation (nodal index) 
A is the array 
F is a fac to r  t h a t  may be a user  constant or a literal 
2.1.5 Conductor Data 
Input options have been expanded and the descr ipt ion is stmilar t o  
node data described previously; the user may intermingle radiat ion con- 
ductors with regular ones. Options are as follows: 
$Regular conductor 
C#,NAl,NBl,NA2,NB2,C $Multiple connections 
-G# ,NA,NB,G SRadiat ion conductors 
G#,-NA,NB,G - $One way conductor (from NA t o  NB) 
CEN G#S,#G,IC,INA,NB,INB,G $Generates sequence of conductors. 
Allovs X,Y,Z,W ins tead of G 
SIV G#,NA,NB,A,F 
D I V  C#,NA,NB,Al,Fl,AZ,F2 
sm GICS,#C,IC,NA,INA,NB,INB,A,F I Linear i n t e rpo la t ion  of a r r a y  
DPV C#,NA,NB,Al,Fl,A2,M I Referenced a r r a y  I contains  polynomial SPN G.P, #G, IG ,NA, INA, NB, INB, A, F c o e f f i c i e n t s  DPX G#,#G,IC,NA,INA,NB,INB,kl,Fl,AZ,F2 
BIV G#,NA,NB,A,F $Allows simulation of b i v a r i a t e  
property ( r e f e r  t o  pg.4-12,Ref. 3) 
where, C# is t h e  conductor number 
NA is t h e  f i r s t  adjoining node 
NB is t h e  second ad jo in ing  node . 
C is t h e  conductor va lue  
CIS is t h e  s t a r t i n g  conductor number 
#G is t h e  number of  conductors 
IG is t h e  conductor numbering index 
INA is one nodal index 
INB is t h e  second nodal  index 
A is an a r r ay  
F is a c o n s t a t  
In reading t h e  conductor da t a  t h e  conductor number is s to red  i n  
one a r r ay  wi th  t h e  conductor value  i n  another;  t he  NA-NB values  are 
s to red  i n  a t h i r d  a r r ay  which w i l l  use t he  0 b i t  t o  i nd i ca t e  a mul t i p l e  
use conductor and the  1 b i t  t o  i n d i c a t e  nonl inear i ty ,  NA and NB each 
receive 1 7  loca t ions .  Nonlinear and r ad i a t i on  conductors w i l l  cause t he  
nonlinear b i t  to  be set. The type is  stored a s  NLC and the array and con- 
s tan t  positions in LA and LF. If  l i t e r a l s  a re  encountered they a re  stored 
in the EC array and the negative of t he i r  EC position is stored as LA o r  
LF. The input data is stored as follows: 
- - 
NAG H,NsNA,NB V NLG,LA,LF EC 
and the following constants a re  calculated 
NGT number of t o t a l  conductors 
#CC number of conductor connections 
NCR number of radiation conductors 
NLCLAF number of locations f o r  NLG,LA,LF storage . 
. 
NEC number of extra constants 
A radiation conductor sets the N nonlinear and NLG sign minus. The non- 
l inear  type is stored in NLG. When a l l  conductors have been processed the  
actual  conductor number (NGT long) can be written on the dictionary tape, 
the  conductor values (NGT long) can be written out on the data tape. The 
W,N,NA,NB array (NGC long) can be output t o  an intermediate tape as can the 
NLGsLAsLF array and EC array. It is mandatory that  multiple use conductors 
be constant. Duplicate conductor numbers a r e  not allowed. 
- - 2.1.6 Canstants Data 
The same program constants and permanent storage fo r  are ident ical  
t o  CINM-3G; user constant numbers and values are stored as two separate arrays 
and the nrrmber of user constants ( W C )  is calculated. The values are added 
to the data t ~ p e  and the extended constants (NEC long) added on the  end. 
Between the constant number and value a comma o r  equal sign is allowed. 
Data F orage is a s  follows: 
NAF VF 
The NAF array is then added t o  the dictionary tape. 
2.1.7 Array Data 
- 
Array data is processed as in CINDA-3G but the 200 array l i m i t  
- 
should be removed. Array data is stored as follows: 
+ NAA AV 
and the constants NAE (number of array entr ies)  and NAV (number of array 
values) are calculated. The dictionary and data tape a re  then added to. 
2.1.8 Pseudo-Pseudo Compute Sequence 
The CINDA-3G pseudo-compute sequence construct ion has been modified 
such t h a t  each core loca t ion  contains  two r e l a t i v e  addresses (conductor and 
adjoining nade loca t ions ) ,  two nonl inear  type ind i ca to r s ,  and an impressed 
source i nd i ca to r .  The ind ica to r s  a r e  keyed through a simple counter t o  a 
second pseudo compute sequence which contains i n t ege r  addresses of r e l a t i v e  
constant  and array s t a r t i n g  loca t ions  necessary f o r  evaluat ion of temperature 
varying coe f f i c i en t s  and t i m e  varying coe f f i c i en t s  fo r  sources.  When the  
input  da ta  contains l i t e ra l  values i n  SIV type c a l l s ,  the  preprocessor s t o r e s  
the'  values as extended user  constants  and suppl ies  the  r e l a t i v e  constant  
address t o  the second pseudo compute sequence. 
Due t o  the  above modifications,  a l l  temperature varying network 
element values have the  form A = B*f (T) . The c o e f f i c i e n t  and func t iona l  
form can be determined v i a  the  pseudo compute sequence thereby permit t ing 
the  parameter cor rec t ion  subrout ines  t o  eva lua te  the  constant  B term of the  
nonl inear  coef C i c i e n t .  I n  addi t ion ,  the  core s to rage  requirements f o r  
s tandard thermal ana lys i s  of problems containing numerous temperature 
varying elements are s i g n i f i c a n t l y  reduced. A n  add i t i ona l  SIV type opt ion 
allowing f o r  polynomial evaluat ion has been generated. 
P r i o r  t o  the  operat ion of formifig the  pseudo-pseudo compute 
sequence, the constants  and a r ray  d i c t i ona r i e s  are brought i n t o  core and 
the  NLC,LA,LF and NLG,LA,LF ar rays  are processed i n  order  t o  convert L4 and 
LF arguments from a c t u a l  t o  r e l a t i v e .  Negative arguments i nd i ca t e  values 
i n  EC and the absolute  argument p lus  NUC is used t o  replace the  argument. 
When t h i s  is done the  a c t u a l  node number a r r ay ,  the  Fl,N,NA,NB array and 
NLG,LA,LF ar ray  is a l s o  brought i n .  The ac tua l  node number i f  negative 
i nd i ca t e s  a var iab le  capacitance.  B i t s  1 and 2 of  the  ac tua i  node numbers 
are used a s  i nd i ca to r s  f o r  va r i ab l e  capacitance and impressed source,  
respec t ive ly .  All i nd i ca to r  b i t s  a r e  set such t h a t  0 means - no and a 1 means 
yes. The information contained i n  the  two pseudo compute sequences are '  
ind ica ted  as  follows : 
PCS 1 
Largest In t ege r  1, 1 , 1 , 1 , 1 , 65535 , 1 , . I6383 
B i t s  0 , 1 , 2 , 3 , 4 , 5 - 2 0  , 21, 22-35 
In PCS 1 the 0 b i t  (cal led the s ign  b i t )  i f  equal t o  1 designates 
the l a s t  connection in to  a node, the 1 b i t  a nonlinear C, the 2 b i t  a 
nonlinear C, the 3 b i t  a radiat ion G ,  and the 4 b i t  an impressed source. 
B i t s  5 through 20 contain the r e l a t ive  G number. B i t  21 designates a one- 
way conductor, and b i t s  22 through 35 contain the r e l a t ive  adjoining node 
number. Note tha t  65535 is the l a r g e s t  r e l a t i v e  conductor number and 16383 
is the l a rges t  r e l a t i v e  node number tha t  can be stored. 
PCS 2 
Largest Integer  63 , 16383 , 16383 
B i t s  0-5 6-20 * 21-35 
In  Pa 2 the 0 through 5 b i t s  designate up t o  63 types on nonl inear i t ies  
and 6 through 20 b i t s  designate the r e l a t i v e  array o r  constant location. 
B i t s  21 through 35 designate the r e l a t i v e  constant location. PCS 2 is a 
combination of the NLC,LA,LF and NLG ,LA,LF and impressed source arrays.  Note 
16383 is the l a r g e s t  s tored  in tege r  based upon overa l l  program constraints .  
The NA-NB values a re  searched f o r  a match, but  each t i m e  N indica tes  
a nonlinearity a pointer  is advanced and NLG checked fo r  double advance. 
PCS 1 and PCS 2 can be buffered out  as they a re  being formed. Eacn t i m e  a 
match is found the adjoining node number must be checked to see  i f  i t  is 
valid.  When a nonlinear conductor is found and processed i t  is flagged so  
t h a t  i t  is not reprocessed. If the shor t  PCS is be5ng formed the adjoining 
node number i n  the M,N,NA,NB array is set negative (same as one way 
conductor) s o  tha t  i t  is  not  recognized l a t e r .  
2.1.9 Pack and Unpack Subroutines 
The Fortran-V FLD function was used t o  generate f i v e  pack and 
unpack subroutines. These routines were then used with a dummy pseudo- 
pseudo compute sequence and a modified (rJFRDL execution subroutine t o  
simulate in te rna l  handling of the SIl?-DIV options . The assembly language 
routines tha t  were used to  perform the packing operations (PACK 4 3  and 
ORMIN) have been deleted.  
2 .2 Execution .Subroutines (Modifications and Additions) 
Execution subroutines i n  the Variables l ib ra ry  have been modified 
to  u t i l i z e  the new pseudo-pseudo compute sequence and three addi t ional  
execution subroutine.; CNVAIIB, CNDUFR, and GTQUIK have been generated. 
2.2.1 Subroutine CNDUFR 
This  subrou t ine  performs an u n ~ o ~ d i t i o n a l l y  s t a b l e  e x p l i c i t  f i n i t e  
d i f f e r e n c i n g  s o l u t i o n  of t e n  c a l l e d  t h e  Du Fort-Frankel method. This  is 
b a s i c a l l y  the  forward d i f f e r e n c i n g  equa t ion ,  b u t  t h e  p r e s e n t  temperature o f  
the  node be ing  opera ted  on is replaced by a  t i m e  weighted average of  f u t u r e  
and p a s t  temperatures.  This  s u b s t i t u t i o n  is performed on t h e  space  deriva-  
t i v e  temperatures only.  The u s e r  may s p e c i f y  time s t e p s  l a r g e r  than 
s t a b i l i t y  c r i t e r i a ,  b u t  w i t h i n  reason. Ca l l ing  sequence is CNDUFR. 
2.2.2 Subrout ine  CNVARB 
This  subrou t ine  a p p l i e s  an i m p l i c i t  f i n i t e  d i f f e r e n c i n g  s o l u t i o n  
t o  the  d i f f u s i o n  equat ion .  I t  i n t e r n a l l y  c a l c u l a t e s  a  v a r i a b l e  b e t a ,  0 ,  
weight ing  f a c t o r  a s  the  r a t i o  of the  e x p l i c i t  s t a b i l i t y  c r i t e r i a ,  CSGMIN, 
d iv ided  by the  computational time s t e p  used, DTIMEU. A c o n s t r a i n t  t h a t  
. 
b e t a  must be equal  t o  o r  l a r g e r  than one h a l f  is imposed. Hence, t h e  
method of s o l u t i o n  l i e s  somewhere between backward and forward-bzcbard  
d i  f  f  e renc ing  . 
The beta-weighting f a c t o r  0 mentioned above is i d e n t i f i e d  i n  the  
fo l lowing p a r a b o l i c  equ*tion w i t h  t h e  prime i n d i c a t i n g  i m p l i c i t  "backward" 
d i f f e r e n c i n g  and the  unprimed i n d i c a t i n g  "forward" d i f f e r e n c i n g .  6 
- .  
Any value  o f  8 less than one y i e l d s  an implicit  set  o f  equa t ions  which 
must be  so lved  i n  a  s imultaneous manner (more than one unknown e x i s t s  i n  
each e q u a t i o n ) .  Any va lue  o f  B equal  t o  o r  less than  one h a l f  y i e l d s  an 
uncond i t iona l ly  s t a b l e  set of  equa t ions ,  o r  i n  o t h e r  words, any t i m e  s t e p  
d e s i r e d  may be used. Values o f  B g r e a t e r  than one h a l f  invoke s t a b i l i t y  
criteria o r  l i m i t a t i o n s  on t h e  magnitude oE che time s t e p .  A valula of B 
e q u a l  t o  one h a l f  y i e l d s  an uncond i t iona l ly  s t a b l e  i m p l i c i t  set of equa t ions  
commonly known a s  "forward backward" d i  f  fe rencf  ng,  o r  t h e  Crank-Nicholson 
method.' Various tran;fonnations o r  f i r s t  o r d e r  i n t e g r a t i o n  a p p l i e d  t o  
t h e  p a r a b o l i c  equat ion  genera l ly  y i e l d  an i m p l i c i t  s e t  of  equa t ions  
s i m i l a r  t o  equat ion  (2-1) wi th  B equal  t o  one h a l f .  Ca l l ing  sequence is 
CNVARB . 
--
2.2.3 Subroutine CNqCPK 
This is an uncondit ionally s t ab l e  e x p l i c i t  method of s o l u t i c n  which 
allows SINDA users  t o  employ computation i n t e r v a l s  l a r g e r  than CNFRWD. The 
method of so lu t ion  is a 50-50 combination of exponential  predic t ions  
(CNEXPN) and IhiFort-Frankel (CNDUFR). For a tenrperature r i s i n g  s i t u a t i o n  
the  CNEXPN rou t ine  tends t o  undershoot while CNDUFR tends t o  overshoot; 
however, CNQUIK f a l l s  between the  two and general ly  y i e ld s  b e t t e r  r e s u l t s  
than e i t h e r  CNEXPN o r  CNDUFR. Call ing sequence is CNQUIK. 
2.3 Thermal Netwcrk Correction Package 
The thermal network cor rec t ion  package cons i s t s  of a number of 
subrout ines ,  many of which are i n t e r n a l l y  programmed as p a r t  of  a l a r g e r  
program subpackage such as STEP. These subpackage programs a r e  no t  t o t a l l y  
i n t eg ra t ed  and must be employed as ind ica ted  i n  Appendix A. Major sub- 
packages are denoted here  as S e n s i t i v i t y  Analysis,  Data Comparison and 
P l o t t i n g  , and Parameter Correction. S e n s i t i v i t y  ana lys i s  is  discussed i n  
Appendix C, whereas the  latter k o  are de t a i l ed  i n  Appendjx B. 
3. EVALUATION OF CORRECTION METHOD APPLIED TO THERMAL MODELS 
The thermal network c o r r e c t i o n  technique was app l i ed  t o  the  t h r e e  
thermal models i d e n t i f i 2 d  he re  a s :  (1) TRW Systems "50-node1' model; 
(2 )  NASA/%C "50-node" model ; and (3)  NASA/MSC "500-node" model. S p e c i f i c s  
o f  these  models a r e  descr ibed i n  Appendix D. The TRW SO-node and the 
NASA/EISC 50-node model provided systems eva lua t ion  of the  c o r r e c t i o n  
technique  .IS w e l l  as accuracy eva lua t ion .  The l a r g e  500-node provided f o r  
the  demonstration of  network s i z e  on the  c o r r e c t i o n  method. 
Evaluat ion  of the network c o r r e c t i o n  method was conducted wi th  the  
use  of computer-generated temperature va lues  i n  o r d e r  t o  provide accuracy 
informat ion  on t h e  c o r r e c t i o n  technique wi thout  t h e  added problems t h a t  would 
be  imposed by t h e  use of i n a c c u r a t e  test d a t a .  
I n  the  p r e s e n t a t i o n  t o  f ~ l l o w ,  emphasis was placed on complete 
temperature measurements because the  parameter c o r r e c t i o n  procedure a s  
d iscussed i n  Appendix B al lows the  c o r r e c t i o n  of  completely measured sub- 
r eg ions  even though the remainder of the  network may be  uncorrec table .  
Subrout ine  W a B S  (TABLE B-1, Appendix B) c o r r e c t s  t h e  s o f t  parameters  
w i t h i n  a  measured region o r  subregion which may b e  as s m a l l  as a  s i n g l e  
measured node surrounded by measured nodes. B e  cor rec ted  s o f t  parameters  
a r e  then set hard and the  remainder of the  s p a r s e  thermal nettdork i s  
e v a l u a t e d  subrou t ine  KALFIL (TABLE B-3). This  subrou t ine  performs an 
i n i t i a l  pass  i n  . o r d e r  t o  reduce ( s e t  hard)  those  network elements which 
aTe uncor rec tab le  due t o  o b s e r v a b i l i t y  c r i t e r i a  and then makes a  second 
pass  i n  o r d e r  t o  remove from t h e  c a l c u l a t i o n  procedure measured nodes 
which do n o t  c o n t r i b u t e  t o  the  s o l u t i o n .  The b a s i c  l i m i t a t i o n  t o  the  use 
of  KALFIL is t h e  c o r e  capaci ty  s i n c e  s e v e r a l  square  mat r i ces  of  o r d e r  N 
a r e  formed; N is  the  number o f  remaining measured temperatures and s o f t  
parameters .  For the  UNIVAC-1108 65K core  computer, t h i s  maximum al lowable  
N is approximately n i n e t y  (90) . 
3.1 Correc t ion  of  the  TRW "50-node" Yodel 
The TRW "50-node" model a s  descr ibed i n  Appendix D provided a r a t h e r  
wide s e l e c t i o n  of nodal and conductor c h a r a c t e r i s t i c s  wi th  which. t o  e v a l u a t e  
the  Kalman f i l t e r i n g  c o r r e c t i o n  method. The number of nodes was of  
suf  f i c i e t l t  s i z e  t o  a l low tor-siderable f l e x i b i l i t y  i n  the choice o f  "sof t"  
conductors and t h e  distribution of  the measured nodes. S e l e c t i o n  of  the 
s o f t  conductors is  i n  r e a l i t y  a r b i t r a r y  but  i n  order  to provide some 
semblance of order ,  the  s e l e c t i o n  was based upon the numbers consideration 
of  approximately one per  node, approximately two pe r  node, and more than 
th ree  pe r  node. The cor rec t ion  of the  model was f u r t h e r  categorized as 
e i t h e r  complete temperature measurement o r  sparse  temperature measurement. 
No attempt w i l l  be made here t o  include a l l  of the cases s tud ied  hu t  t o  
p resen t  - . only - those t h a t  were representa t ive .  
With the  TIM 50-node model, the  emphasis was on the  correct ion of 
the  conductors. The length of  the t r a n s i e n t  was taken t o  be s u f f i c i e n t l y  
long t o  allow a s i g n i f i c a n t  change i n  nodal temperatures. 
3.1.1 Complete Temperature Measurements 
Wherr a l l  of  the  nodal tem?eratures a r e  measured, subrout ine  KAL0BS 
is  used as discussed previously.  Tables 3-1, 3-3, and 3-5 show the  
cor rec t ion  of  f o r t y  s o f t  conductors when perturbed +lo%, +50%, and +loo%, 
respect ively  and Tables 3-2, 3-4, and 3-6 show the corresponding nodal 
temperatures using the  cor rec ted  conductors i n  comparison with  the nodal 
temperatures wi th  t; ,e o r i g i n a l  conductor values;  the  temperatures a r e  taken 
a t  the  end of  the  t r a n s i e n t  ( r e f e r  t o  Table 3-21 f o r  the  time period).  
These r e s u l t s  i n d i c a t e  t ha t  as the magnitude of  t h e  per turba t ion  
increases  the  accuracy of t he  cor rec t ion  decrgases. I n  general  the  
accuracy of cor rec t ion  d i d  no t  decrease appreciably except f o r  a s$ngle 
conductor, conductor 260, which became negat ive  as  shown in Tables 3-3 and 
3-5 f o r  50% and 100% per  tu rba t ions ,  respect ively .  It appears t h a t  the  
negat ive  value is due t o  numerical round-off e r ro r s .  Note t h a t  when the  
conductors were perturbed -50% conductor 260 d id  n o t  become negat ive  as 
shown i n  Table 3-7. 
Except f o r  t he  negat ive  conductor which is physical ly  un rea l i s  t i c  
the  c o r r e c t i c ~ s  were r a t h e r  accurate  i n  most ins tances .  There were a 
-.. number of conductors, however, t h a t  appeared to  be uncorrectable.  For 
example conductor 11 could n o t  -be corrected even a small  amount. A c lose  
examination showed tL:z conductor I, is a connection between nodes 97 and 
98 which have i d e n t i c a l  temperatures throughout t h e  t r a n s i e n t ;  conductor 
250 which i a  a connection between e s s e n t i a l l y  i d e n t i c a l  nodal temperatures 
96 and 97 was a l s o  uncorrectable.  
Other non-accurately corrected conductors such as  conductors 25 
and 26 d id  not  connect i d e n t i c a l  temperatures. In order t o  obtafn  a b e t t e r  
i n s igh t  towards the  behavior of  these conductors, a s e n s i t i v i t y  ana lys i s  
of the  TIW 50-node network w a s  conducted by using subroutine STEP ( r e f e r  
to Appendix C) . Examination of the s t a t i c  s e n s i t i v i t y  coe f f i c i en t s  revealed 
t h a t  conductors 25 and 26 had very l i t t l e  e f f e c t  on the  node t o  which they 
were at tached.  An examination of conductor 260 which is a connection 
between nodes 53 and 50 revealed t h a t  these temperatures a r e  very i n s e n s i t i v e  
to conductor 260. On the  o t h e r  hand those conductors t ha t  were corrected 
accurately were found t o  have r e l a t i v e l y  high s e n s i t i v i t y  coe f f i c i en t  
values . 
The temperatures l i s t e d  i n  Tables 3-2, 3-4, and 3-6 a r e  the  values 
at  the  end of the  t r ans i en t  period considered i n  the cor rec t ion  process. 
Since negative conductors can cause numerical i n t eg ra t ion  i n s  t a b i l i  ty , f o r  
the purpose of ca l cu l a t i ng  temperatures, the  negative conductor was 
a r b i t r a r i l y  set pos i t ive .  Comparison of the temperatures shows t h a t  the  
temperatures c a l c r ~ l a  ted with the corrected conductors a r e  i n  very good 
agreement with the  colcputer-generated temperatures with the  o r i g i n a l  
conductor values,  
The network correct ion method w a s  s t ud i ed  f u r t h e r  by s e t t i n g  90 
conductors as s o f t  f o r  per tu rba t ions  of -102, +50X and +100X and 115 
conductors as s o f t  f o r  p e r t u r b a t i ~ n s  of +lo%, +SOX and +loo%, Corrected 
conductors a r e  l i s t e d  i n  Tables 3-9, 3-11 and 3-13 f o r  the 90 s o f t  
conductors and i n  Tables 3-15, 3-17 and 3-19 f o r  the 115 s o f t  conductors, 
Corresponding temperature comparisons for. these  i d e n t i f i e d  cases a r e  l i s t e d  
i n  Tables 3-10, 3-12, 3-14, 3-16, 3-18 and 3-20. Examination of these 
r e s u l t s  reveal  t h a t  the  cor rec t ion  of ' he  conductors i n  general  were good 
except f o r  those conductors which are e i t h e r  uncorrectable because of 
i d e n t i c a l  adjoining temperatures o r  because of  apparent low s e n s i t i v i t y  
coe f f i c i en t  values. 
The temperature comparison l i s t e d  i n  the  even numbered tab;es :ram 
3-2 through 3-20 represents  temperatures a t  the  end of the  t r ans i en t  period. 
Comparison of t r ans i en t  temperatures us ing the  o r i g i n a l  conductor values ,  
the perturbed conductor - ~ a l u e s ,  and corrected conductor values is ind ica ted  
i n  Table 3-21 f o r  two godes, one typifying nodal temperatures t h a t  were 
r e l a t i v e l y  c lose  f o r  a l l  three  categor ies  of conductor values and the  o t h e r  
typifying nodal temperatures t h a t  were c lose  f o r  the  co r r ec t  and o r i g i n a l  
canductor values bu t  far apar t  from temperatures with the  perturbed conductors 
3- 3 
3.1.2 Sparse Temperature Measurements 
For sparse temperature measurements, the d i s t r ibu t ion  of the 
measured temperatures within the network can be enormously large.  However, 
i n  prac t ice  temperature measurements are  normally concentrated i n  regions 
that  re r resent  c r i t i c a l  ccnuponeats and/or s t ruc tures ;  as a r e s u l t  the 
pa t te rn  of measured temperatures can i n  general be expected t o  be subregions 
of  t o t a l  xceasurements with the  remainder of the network with wry l i t t l e  
temperature measurements. With t h i s  assumed d i s t r ibu t ion  of  temperature 
data, subroutine KALaS would be used f o l l w e d  by subroutine KALML, Since 
the correct ion procedure f o r  the measured subregions of a sparse network 
is subroutine KAMBS, the pa t te rn  of the r e su l t s  would be similar t o  t5e 
cases already studied. Of the  cases examined i t  was d i f f i c u l t  t o  s a t i s f y  
the s i z e  l imi ta t ions  of  ~ ~ e a s u r e d  temperatures and s o f t  parameters. The 
results f o r  the TRW 50-node model are n o t  shoun here but are shown f o r  the 
NASA/MSC SO-node mass spectroaeter  model which is discussed below. 
3.2 Correction of the NASA/MSC "50-Nodett &del 
The NASA/SC 50-node model as described i n  Appendix D pmvided 
wide se lec t ion  of  nodal and conductor character is  t i c s  including ar i thmetic  
nodes. Uith t h i s  model, conductors, capacitances, and hea t  sources w e r e  
corrected. 
3.2.1 Complete Temperature Measurements 
U i  t h  complete temperature measurements , as& subroutine WBS was 
employed, Tables 3-22, 3-24, and 3-26 show the correction of  f i f t y  s o f t  
conductors when perturbed +lo%, +SOX and +lOOX, respectively and Tables 
3-23, 3-25 and 3-27 show the corresponding nodal temperatures using the 
corrected conductors in .  comparison with the nodal temperatures with the 
o r i g i n a l  conductor values a t  the end of the t r ans ien t  period ( r e f e r  t o  
Table 3-34 f o r  the t i m e  period). In  much the  same manner as the correct ion 
of the TRCl 50-node model, the r e s u l t s  show t h a t  as $he magnitude of the 
perturbation increases the accuracy of the correction decreases. Although 
niany of the conductors were corrected qu i t e  accurately,  a number o f  
conductors were uncorrectable. An examination of these conductors showed 
tha t  i n  general the lack of correction was due to approximately equal 
temperatures of adjoining nodes or to very low s e n s i t i v i t y  coeff ic ient  
values. With th i s  s e t  of examples none of th.e conductors associated with 
an a r i thmet ic  node was designated as s o f t .  The percentage column assoc ia ted  
with these  t ab l e s  represent  the percentage d i f fe rence  between the corrected 
and o r i g i n a l  values ; fo r  the temperature comparison, percentage is 
calcula ted i n  terms of the absolute  s ca l e .  
Tables 3-28, 3-30, and 3-32 show the correct ion of 100 s o f t  conduc- 
t o r s  including a number assoc ia ted  with a r i t hme t i c  nodes f o r  the  cases of 
+lo%, +SOX and +100X per turba t ion ,  respect ively .  In  general  the  g r e a t e r  
the  per tu rba t ion ,  less accurate  w a s  the correct ion.  The major consideration 
indicated by these r e s u l t s  was the  correct ion of  conductors aksociated wi th  
a r i thmet ic  nodes ; these conductors a r e  i d e n t i f i e d  as conductors 215 through 
223 and 322 through 329. The cor rec t ion  of these conductors w a s  rather 
poor; i n  f a c t ,  s e v e r a l  of  the  conductors became negative.  The inaccuracy 
of  cor rec t ion  is not  due t o  low s e n s i t i v i t y  coe f f i c i en t s  o r  ad jo in ing  
ten.peratures t h a t  a r e  equal ,  bu t  i t  appears t h a t  the  inaccuracies  are due 
to  inherent  non-smoo thness of numerically evaluated a r i thmet ic  nodes, 
I n  order  t o  supplement the  temperature comparisons a t  . the  end of  
the  t r ans i en t  per iod,  comparison of  t r a n s i e n t  temperatures us ing the  o r i g i n a l  
conductor values,  the  perturbed conductor values,  and corrected conductor 
values is  tabulated i n  Table 3-34 f o r  node 61 which is a d i f fu s ion  node 
(has a capacitance) and node 2 which is an a r i t hme t i c  node (zero-capacity) .  
The d i f fu s ion  nodal temperatures were found t o  c o r r e l a t e  r a t h e r  w e l l  i n  
general  as t y p i f i e d  by nodal temperatuFe 21 i n  Table 3-34 whereas the  
a r i thmet ic  nodes co r r e l a t ed  r a t h e r  poorly as t y p i f i e d  by nodal temperature 2. 
Heretofore,  evaluat ion of the  thermal netvork cor rec t ion  program 
vas confined t o  conductors, both conduction and rad ia t ion ;  cor rec t ion  of  
nodal capacity and hea t  source were examined by the  use of  the  NASA/%C 
50-node model, One of the cases examined was the  cor rec t ion  of  a l l  nodal 
hea t  capac i t i e s  and four hea t  sources.  Note t ha t  only four  h e a t  sources 
are present  i n  the thermal model as described i n  Appendix D. S ince th ree  
of the  sources ,  Q45s ' 4 6 ,  and q4, ve re  zero f o r  a long per iod of t i m e  i t  
was necessary t o  a d j u s t  the  t i m e  schedule of these  th ree  sources f o r  t h i s  
example. The r e s u l t s  of the cor rec t ion  a r e  shown i n  Table 3-35 and the  
corresponding temperature co r r e l a t i on  is tabula ted  i n  Table 3-36. %st of  
the  capac i t i e s  corrected reasonably we l l ,  a few c ~ r r e c t e d  except ional ly  
we l l ,  and the  remainder corrected poorly,  Note t h a t  capacitances 6 and 4 8  
were corrected r a the r  poorly,  pa r t  of the problem stems from the  presence 
of both a s o f t  source and a s o f t  capacity on these nodes. When a s o f t  
parameter is present on a node with a s o f t  capacitance, d i f f i c u l t i e s  were 
ant icipated because o f  the need to  oorrect fo r  a r a t i o ( s )  and i n  turn 
separate  out the s o f t  parameters from the capacity. It is then not 
surpr is ing  t h a t  the heat  sources did not  cor rec t  accurately. Even though 
the capaci t ies  and sources were not  corrected accurately the temperature 
corre la t ion  appears t o  be remarkably good fo r  most of the nodes. Table 
3-37 compares the  t r ans ien t  temperatures of w o  nodes, 61 and 6. Source 
aad capacity of  node 61  w e r e  corrected accurately whereas the source and 
capacity of node 6 were corrected poorly. 
A mixture of s o f t  conductors, capaci t ies  and sources w e r e  examined 
to  determine the thermal correct ion c a p b i l i t -  v i t h  s o f t  parameters i n  
a l l  parameter categories.  The r e s u l t s  are l i s t e d  i n  Tables 3-38 and 3-39 
f o r  the case o f  42 s o f t  conductors, 5 capaci t ies ,  and 3 sources. %he 
conductors w e r e  not  corrected as accurately as ant icipated but  p a r t  of the 
d i f f i c u l t i e s  w a s  due t o  the  la rge  number of  s o f t  parameters associated with 
a given node. For example node 61  had 10  s o f t  conductors, 5 through 14, 
and one s o f t  source. Low s e n s i a v i t y  coeff ic ient  values a lso  contributed 
to  the inaccuracies of the correction. The capacity correction was 
re l a t ive ly  accurate bu t  the source correct ion was not  as good as ant icipated,  
but  the inaccuracies of  source 61 is probably due t o  too marry s o f t  para- 
meters on node 61 and the inaccuracy of source 6 nay be 3ue to the  presence 
of a s o f t  capacity. I n  general the temperature corre la t ion  w a s  surpr is ingly  
good as indicated i n  Table 3-39. A t r ans ien t  comparison f o r  two nodes, 6 1  
and 48 ,  are l i s t e d ' i n  Table 3-40. 
3.2.2 Sparse Temperature Meas urernen ts 
A number of  sparse  temperature measurement conditions tha t  met the 
s i z e  l imi ta t ions  (number of  s o f t  parameters and measured temperatures) of 
subroutine KALFIL were generated. Since the number and variety of measured 
temperature pa t te rns  are considerable, i t  w i l l  s u f f i c e  here t o  indica te  the 
correction r e s u l t s  f o r  a "typical" temperature spa r s i ty  condition. A mix- 
ture  of s o f t  conductors, capacitors and sources were examined for  the model 
consis t ing of 24 measured temperatures out  of 54 t o t a l  nodes i n c h d i n g  two 
boundary nodes. The o r i g i n a l ,  perturbed and corrected s o f t  parameters which 
consis t  of 2 s o f t  capacitors,  2 s o f t  heat sources and 19 s o f t  conductors a re  
l i s t e d  i n  Table 3-41 and the comparison of the temperatures with the o r ig ina l  
per tu rbed  and c o r r e c t e d  parameter va lues  is l i s t e d  i n  Table 3-42. The cor- 
r e c t i o n  o f  t h e  s o f t  h e a t  sources  was e x c e l l e n t  b u t  the  c o r r e c t i o n  one o f  the  
c a p a c i t o r s  (node 61) was r a t h e r  inaccura te .  The reason f o r  t h i s  is n o t  
apparent  s i n c e  node 6 1  is surrounded by measured nodes. Howver s u b r o u t i n e  
KALFIL unl ike  subrou t ine .  W @ B S  s o l v e s  the  s p a r s e  network s imul taneously ;  
as a r e s u l t  the  p a t t e r n  and magnitude of s p a r s i t y  can be expected to  i n f l u e n c e  
t h e  c o r r e c t i o n  accuracy. The c o r r e c t i o n  o f  t h e  conductors  was n o t  as a c c u r a t e  
as d e s i r e d  w i t h  the  inaccuracy apparen t ly  due t o  t h e  small temperature d i f -  
f e rence  between a d j o i n i n g  m d e s .  For example conductor 1 5  which connects 
nodes 63 and 91 was c o r r e c t e d  t o  a n e g a t i v e  va lue;  t h i s  is apparent ly  due t o  
almost i d e n t i c a l  temperature va lues  of  nodes 63 and 91. Even though the  
parameters  were n o t  c o r r e c t e d  a c c u r a t e l y ,  the  temperatures w i t h  t h e  c o r r e c t e d  
parameters  and t h e  temperatures w i t h  t h e  o r i g i n a l  parameter  va lues  c o r r e l a t e d  
w e l l  as shown i n  Table  3-42. 
A p a r t i c u l a r  n o t e  o f  i n t e r e s t  is t h a t  the  s o f t  c a p a c i t o r s  and h e a t  
sources  could have been c o r r e c t e d  wi th  the  use o f  s u b r o u t i n e  KALQBS s i n c e  
t h e  c a p a c i t o r s  and s o u r c e s  are a s s o c i a t e d  w i t h  subregions  wi th  complete 
temperature measurements . Examination of Table  3-35 which lists the  parameters  
c o r r e c t e d  w i t h  s u b r o u t i n e  KALgBS f o r  the. same thermal  math-model used w i t h  
s u b r o u t i n e  KALFIL excep t  f o r  d i f f e r e n t  h e a t  sources  reveals t h e  c o r r e c t i o n  
o f  c a p a c i t o r  6 1  t o  b e  accura te .  
3.3 Cor rec t ion  o f  t h e  NASA/MSC "500-Xode" STB Model 
A number of c a s e s  were e v a l u a t e d  -using t h e  NASA/NSC STB thermal 
model whose nodal  c h a r a c t e r i s  t ics a r e  desc r ioed  i z  Appendix D. Correc t ion  
o f  t h e  conductors  w a s  remarkably good i n  mar,? i .nstances and i n  o t h e r s  t h e  
c o r r e c t i o n  could  n o t  b e  achieved because o f :  (1) very l i t t l e  change i n  
nodal  temperatures dur ing  p e r i o d  of t h e  t i m e  t r a n s i e n t ;  (2) approximately 
equa l  ad j o i n i n g  nodz l  temperatures ; and (3) low s e n s i t i v i t y  c o e f f i c i e n t  
va lues .  An apparent  f o u r t h  cause are a r i t h m e t i c  nod, ;. Correc t ion  of 
conductors  a s s o c i a t e  f w i t h  a r i t h m e t i c  nodes had a tendency t o  diverge.  A 
t y p i c a l  cat- is i v e n  i n  Table 3-41 w i t h  481 s o f t  conductors  and +loo% 
p e r t u r b a t i o n .  Note p a r t i c u l a r l y  the  conductors  a s s o c i a t e d  w i t h  the  
a r i  thrnetic r:., Jes ( i d e n t i f i e d  by a s t a r )  . The temperature c o r r e l a t i o n  was 
remarkably good except  f o r  a r i t h m e t i c  nodes ( the  temperature comparj son is 
n o t  shown). 
3.4 Evaluation of Results 
Evaluation of the thermal nework correction program with the use 
of two 50-node models and one l a rge  500-node model revealed ra ther  
encouraging resu l t s  i n  many respects on the one hand but a l s o  indicated 
sonre l imitat ions on the other ,  When complete temperature measurements 
are avai lable  i n  a region o r  a subregion ( a  smallest  subregion- consis ts  of  
a measured node surrounded by measured nodes), the Kalman f i l t e r i n g  method 
of  processing the set of equations sequentially and each equation timewise 
i n  a sequential  sense yielded ra the r  accurate correction crf those parameters 
tha t  were both observable and subjec t  t o  s ign i f i can t ly  changing nodal 
temperatures. Parameters t h a t  w e r e  no t  observable and/or insens i t ive  to  
nodal temperatxkres were not  corrected; parameters tha t  w e r e  subjec t  t o  
temperatures tha t  did not  change s ign i f i can t ly  were corrected very l i t t le .  
Limitations i n  the present thermal network correction program 
included the lack of adequately correct ing f o r  the parameters associated 
with a r i t b t i c  nodes and the l ack  of bounding s o f t  parameters. Mff icu l -  
ties experienced with ar i thmetic  (zero-capaci ty) nodes i n  p a r t  stem from 
- .  
the non-uniform temperature change of  arithmetic nodes from one t ime  s l i c e  
t o  another. Since d i f f i c u l t i e s  are generally encountered even when numeri- 
ca l ly  solving f o r  j u s t  the  nodal temperatures of zero-capaci t v  nodes, 
parameter estimation fo r  these nodes can be expected t o  be ra ther  e r r a t i c .  
Mixing of s o f t  sources and conductors with a s o f t  capacitance presented 
correction d i f f i c u l t i e s  because of the need t o  treat the s o f t  parameters as 
s o f t  ra t ios .  
Mimy of the  correct ion d i f f i c u l t i e s  have been associated with the  
spa r s i ty  of temperature measurements. As a r e s u l t ,  a r e l a t i v e l y  l a r g e  
e f f o r t  has been expended t o  develop a technique, code t h e  method a d  
x 
L 
demonstrate t h e  method on l a rge  mathematical models. Although considerable 
- 
progress has been made i n  t h e  correct ion of parameters of networks with 
sparse temperature measurements, the  r e s u l t s  show that t h e  thermal network 
correct ion program is f a r  from optimum. A pa r t i cu la r  d i f f i c u l t y  is t h e  
l a rge  core requirements when temperature spa r s i ty  ex is t s .  
In  s p i t e  of the  l imi ta t ions  and correction d i f f i c u l t i e s  tha t  have 
been experienced, the  r e s u l t s  i n  a general sense were ra ther  encouraging. 
TABLE 3-1 - COXPARISON OF CONDUCTOR VALUES 
+lo% PERTURBATION, 40 SOFT CONDUCTORS 
TRb3 SO-NODE MODEL, NOISE 1%. K-BS 
COhDUC f OR O U 1 6 l r r r ~  PERTUHFILO CORREC f € 0  
.- . IYuHBEH VALUES VALUES VALUES 
TABLE 3-2 - COMPARISON OF TEMPERATURES AT END OF TRANSIEXT 
+10X PERTURBATION, 40 SOFT CONDUCTORS 
TRW 50-NODE MODEL, NOISE 1%. KALQIBS 
TABLE 3-3 - COMPARISON OF CONDU~TOR VALUES 
+SOX PEPCURBATION, 40 SOFT CONDUCTORS 
TRW 50-NOLT MODEL, NOISE 1/2%, KALQBS 
PER l UnBEO 
V A L u i >  
TABLE 3-4 - COMPARISON OF TEMPERATURES AT END O F  TRANSIENT 
+SO% PERTURBATION, 40 SOFT CONDUCTORS 
TRW SO-NODE MODEL, N O I S E  1 / 2 X ,  KALaBS 
PER I U ~ C J E L J  
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TABLE 3-5 - COMPARISON OF CONDUCTOR VALUES 
+loo% PERTURBATION, 40 S O F T  CONDUCTOPS 
TEW 50-NODE MODEL, N O I S E  1/2%, KALflBS 
C O R R € C T E D  
VALUES 
TABLE 3-6 - COMPARISON OF TEMPERATURES AT END CiF TRANSIENT 
+loo% PERTURBATION, 4 0  SOFT COhDTCTORS 
TW SO-NODE MODEL, NOISE 1/22, W $ B S  
TABLE 3-7 - @WARISON OF COXDUCTOR VALUES 
-SOX PERTURBATIOX , 40 SOFT CONDUCTORS 
TRW 50-NODE XODEL, NOISE I#,  KALaBS 
TABLE 3-8 - COMPARISON OF TEMPERITURES AT END OF TRANSIESi' 
-50% PERTURBATION, 40 SOFT CONDUCTORS 
TRM SO-NODE MODEL, NOISE lX, W B S  
TABLE 3-9 - COMPARISON OF CONDUCTOR VALUES 
-10% PERTURBATION, 90 SOFT CONDUCTORS 
T W  SO-NODE MODEL, YOISE 1/22, K A L ~ B S  
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TABLE 3-9 (Cont .) 
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VALUES 
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TABLE 3-10 - COMPARISON OF TEMPERXTURES AT EM) OF TRANSIENT 
-10% PERTURBATION, 90 SOFI CONDUCTORS 
T W  SO-NODE MODEL, NOISE 1 / 2 X ,  KALdBS 
I 1  
1 r( 














































2 3 9  
250 
3-11 - COMPARISON OF CONDUaOR VALUES 
+SOX PERTURBATION, 90 SOFT CONDUCTORS 
TRW 50-NODE MODEL, NOISE 1/2X, KALdBS 
Q E R ~ U R B E O  
VALUES 
TABLE 3-11 (Cont.) 
PERTURBLO 
VALUES 
TABLE 3-12 - COMPARISON OF TEMPERATURES AT END OF TRANSIENT 
+SO% PERTURBATION, 90 SOFT CONDUCTORS 
TRW SO-NODE MODEL, NOISE i / 2 ~ ,  KAL~BS 
TABLE 3-13 - COMk M I S O N  O F  CONDUCTOR VALUES 
+loo% PERTURBATION, 90 SOFT CONDUCTORS 
TRW 50-NODE MODEL, N O I S E  1/2%, K A L ~ B S  
CONDUC TGR O R l G l r r A &  P E R T U R B E D  C O R R E C ~ E O  
honeti? V A L U E S  V ~ C U E S  VACUCS 
TABLE 3-13 (Cont .) 
C W ? E C T E D  
VALUES 
TABLE 3-14 - COMPARISON O F  TEMPERATURES AT END O F  TRANSIENT 
+loo% PERTURBATION, 30 SOFT CONDUCTORS 
TRW 50-NODE MODEL, N O I S E  1/2%, KAL0BS 
TABU 3-15 - COMPARISON OF CONDUCTOR VALUES 
+lo% PERTURBATION, 115 SOFT CONDUCTORS 
TRW 50-NODE MODEL, NOISE 1/2X, KALgiS 
L O H ; < H ~ C T  t u
VALUES 
TABLE 3-15 (Cont.) 
PER I UHBEO CURRECTEii  
VALUES VALUf 5 
TABLE 3-15 (Cont . ) 
TABLE 3-16 - COMPARISON OF TEMPERATURES AT END OF TRANSIENT 
+lo% PERTURBATION, 115 SOFT CONDIJCTORS 
T W  SO-NODE MODEL NOISE 1/2X, YALdBS 
PER 1 u a a t r ,  
f f r ~ ~ t ~ ~ f ~ ~ k .  
TABLE 3-17 - ClOk2ARZSON OF OONDUCIlOR VALUES 
+SOX PERTURBATION, 115 SOFT CONDUCTORS 
TRW 50-NODE MODEL, N O I S E  1/2%, KAUBS 
((lr~uuc T O W  On 1 G 1 . rAC PER 1 utter0 C O H ~ ( L C T € U  
k i ~ H b t R  VaLkJtS VALUE> VALUES 
TABLE 3-17 (Cont .) 
TABLE 3-17 (Cont,) 
C O R R E C T c U  
VALUES 
TABLE 3-18 - COMPARlSON OF TEMPERATURES AT END OF TRANSIENT 
+SOX PERTURBATION, 115 SOFT CONDUCTORS 
TRW SO-NODE MODEL, NOISE I . /2X, KALgBS 
N O O t  O H I G I r v I L  PER IUriBEU L o H R L C T  t U  
NlJHlrEri T E ~ ~ P ~ H A T u R ~  T E n P t U ~ f c r H t  T t  r !PLU&TuK€ 
TABLE 3-19 - COMPARISON OF CONDUCTOR VALUES 
+loo% PERTURBATION, 115 SOFT CONDUCTORS 
T W  50-NODE MODEL, NOISE 1/21. KAL$BS 
TABLE 3-19 (Cont) 
PER I URBLD 
VPLUES 
TABLE 3-19 (Cont .) 
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.- -- -- - Sr92689+01 1 * 2 8 1 6 8 * 0 1  4 * 9 3 9 9 8 + 0 1  
SO 1e03509+02 l rO1035+02  1005307+02  
5 1  1 *00037+02  9 * 1 3 8 2 4 + 0 1  9.634n4401 
52 1*26638+02  I rZ12OC+02 1 *13203+02  
'o!l--- 3 * 2 4 5 6 1 + 6 1  3e27220+01 3 *26229+01  
107 9 * 7 5 0 6 8 + 0 1  9 r ~ S 8 2 0 + 0 1  9083Q90+01 
109 - -- ----- ---- 9*84798+01  9 *48960+01  9 *81616+0:  
113 8 * 3 3 7 8 8 * 0 1  8 * 1 9 9 6 3 + 0 1  7 * 9 1 9 1 2 + 0 1  
b l 7  7 *374q2+01  7e93278+01 7 *38292+01  
120 4*S3103+01 -1e97204+01 4rS0082+01 
6rB9250+01 SeUbM8+01 IRP - - - -  -- 6 4 9 1 ~ + 0 1  
I .> 6m9S429+01 6mJ6052*01 6 * 7 8 0 3 3 + 0 1  
19, 
- ---- --- 1 * 9 9 4 0 5 + 0 ~  IeU1103+01 1 *98819+01  , 
197 Y*39288+01 3 0 i s 8 6 9 + 0 1  4 *36595+01  
i 9 8  4 * 3 9 2 8 ~ + 0 1  3 * 2 4 7 9 1 + 0 1  403792Y+Q1 
199 1 *99905+01  l rQ0917+01  1.98203+01 
280 
*--- --- 
brUS670+61 -- 6 , ~ 7 l l ~ + 0 1  4 ~ l 2 6 4 ~ + O . 1  , 
282 6 * i 5 0 6 9 + 0 1  6 e i 7 7 0 5 + 0 1  6 * 1 7 6 9 0 + 0 1  
I 
- 1 ~ $ 9  6QQILpQ2 -4 a 6QOee+a? " 4 * b Q Q W n z  
10 ~ e 5 0 0 0 0 + 0 1  8eS0000*01 - 6 * ~ 0 0 0 O + 0 1  
-- 2 0  9e300QQ*01 9 r3Qob0+01  , 9 ! , % L  
TAB102 3-21 - COMPARISON OF TRANSIENT 'IYMPERATURES WITH ORIGINAL, PERTURBED 
AND CORRECTED CONDUCTOR VIL?.UES, NODES 1J.O AND 85, 
TRW 50-NODE MODEL, +loo% EFRTURBATION, 90 S O I T  CONDUCTORS, 
KALQBS, NOISE 112% 
NODE 110 NODE 85 
TIME ORIGINAL PERTURBED CORRECTED ORIGINAL PERTURBED CORRECTED 
(h r) (OF) ( OF) (OF) ( OF) (OF) ( OF) 
TABLE 3-22 - CONPARISON OF SOFT CONDUCTOR VALUES 
+lo% PERTURBATIOS, 50 SOFT COKWCTORS 
N&A/MSC SO-NODE MODEL, NOISE 1/22, KAL6BS 
T m  3-23, CCWARLSON OF TEHPERATURES AT END OF TRANSIENT 
+la PERTURBATION, 50 SOFT CONDUCTORS 
NASAjMSC 50-MOIIE HODEL, NOISE 1/2X, W B S  
TABLE 3-24 - COMPARISON OF SOFT CONDUCTOR VALUES 
+SOX PERTURBATION, 50 SOFT CONDUCTORS 
WASA/MSC 50-NODE W D E L ,  NOISE 1/2X, KALdBS 
TABLE 3-25 - C O M P ~ S O N  OF TEMPERATURES AT END OF TRANSIENT 
+SOX PERTURBATION, 50 SOFT CONDUCTORS 
NASA/MSC 50-NODS MODEL, NOISE 1/2X, KALdBS 
O K I G I . U A L   PER^ URBED C O R R E C T E D  PERCkNTAGE 
T E M P L R A I U ~ E  ~ E H Y L A ~ T U R E  f C t l P € H l f U H E  O F f  
TABLE 3-26 - COMPARISON OF SOFT CONDUCTOR VALUES 
+100X PERTURBATION, 50 SOFT CONDUCTORS 
NASA/MSC 50-NODE MODEL, NOISE 1/2X, W B S  
c O ~ O U C ~ O U  Off i 6 1 ~ A L  P E R T  UUBED C O R R L C ~ E O  PERCENTAGE 
~uht3LR V A L U t S  VfiLuES ' V A L U ~ S  OFF 
TABLE 3-27 - COMPARISON OF TEMPERATURES AT END OF TRANSIENT 
4100% PERTURBATION, 50 SOFT CONDUCTORS 
NAsA/MSC SO-NODE MODEL, NOISE 1/,2X, KAL~BS 
NODE O R l t l r i a ~  PERTlJftfbEO CORREC f € 0  PERCENTICE 
LUHOER TEMPLRATuRE T E n p t f f ~ ~ u R E  TLHPEHATURE Of 6 
TABLE 3-28 - COMPARISON OP SOFT CONDL'CTOR VALUES 
+lo% PEIYTURBATION, 100 SOFT CONDUCTORS 
NASAfMSC 50-NODE MODEL, NOISE 1/22, KALBBS 
TABLE 3-28 (Cont .) 
PERT URREO C O R R E C T E D  
VALUES VALUE ti 
PERCENTAGE 
o f f  
TABLE 3-29 ,- COMPARISON OF TEYPERATK!<I:S :!'i' i:'ii) I)!' !'!::I,';:; I !.:I;'i' 
, - ?  ,, .,.','!~, :> . +lo% PERTUKilATION, 100 St? :'1 ,. , . . _ 
1 -,- .. NASAIMSC 50-NODE MODEI, , rii'll i: ;: . , . , :..'.l~i?!;5 

TABLE 3-3C (Cont.) 
C G N D ? I C T O R  0 H l G l : i ~ ~  
N ~ M & E H  VALUES 
C O R R E C T E D  PERCENTAGE 
VALUES OFF 
TABLE 3-31 - COMPARISON OF TEHPERATURES AT END OF TRANSIENT 
+SOX PERTURBATION, 100 SOFT CONDUCTORS 
NASA/HSC 50-NODE WDEL, NOISE 1/2X, UL@BS 
NODE O R l C r r v l ~  PERTURBED CORRECTED PERCENTAGE 
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3*09S&9-92 
















7 r lS20S-0 1 
2,32269-01 
-.. a . * a G U m & - .  ... 
Se77Y70-0'4 





4e$ ' 766 -02  
4,- 1470-02 
TABU 3-32 - CCMPARISON OF- SOET ~ ~ ~ C T O R  VAL~TS 
+lo0 X PERTURBATION, 100 SOET ~ C r O R S  
NASA/SC SO-NODE MODEL, NOISE i/zx, KALQBS 
cONOUC I O U  O ~ I G I ~ A L .  PLRTuUBEO CORRECTED PERCENTAGE 
~uht l€R V A L l J C S  VALUES VALUES OFF 
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TABLE 3-33 - COMPARISON OF TE'IPERATURES AT END OF TRANSIm 
-klOoX PERTURBATION, 100 SOFT CONDUCTORS 
N A S A / S C  50-NODE MODEL, NOISE 1/ 2%, KAL~ISS 
TABLE 3-34 - COMPARISON OF TRANSIENT TEMPERATURES UITN ORIGINAL, PERTURBED, 
AND CORRECTED COKDUCTOR VALWS, NODES 61 AND 2 
NASA/MC 50-NODE MODEL, +100X PERTURBATION, 100 SOFT CONDUCTORS 










































































TABLE 3-35 - COMPARISON OF SOFT CAPACITY AND SOURCE VALL'ES 
+loo% PERTURBATION, 32 SOFT CrWACLTIES AND 4 SOFT SOURCES 
NASAIM~C 50-NODE MODEL, NOISE 1 / 2 X ,  KALfiBS 
c A P A C  I T O R  O H I G I ~ I ~ L  P L R T U H B E O  K A L 0 8 S  QERCENtAGE 
~ u n 6 E H  V A L U E S  vkLU€S  c O R R E C T ~ O ~ S  OFF 
SOURCE O R I G I F ~ A L  PERTURBED K A L O B S  PERCENTAGE 
NUHBER V ~ L U E S  VALUES C O R R E C T ~ O N S  OFF 
TABLE 3-36 - COMPARISON OF TEMPERATURES AT END OF TRANSIENT 
+loo% PERTURBATIOX, 32 SOFT CAPACITIES AND 4 SOFT SOURCES 
NASA/%C SO-NODE W D E L ,  NOISE I /  2%, KALaBS 
NODE O R ~ G I I U A L  PERTURBED K A L O B S  PERCENTAGE 
NUHBER T E M P E R A T U R E  TEHPERATURE TEnp CORR OFF 
TABLE 3 - 3 7  - COMPARISON OF TRANSIENT TEMPERATURES WITH ORIGINAL, PERTUPJED, 
AND CORRECTED CAPACITY AND SOURCE VALUES, NODES 61 AND 6 ,  
NASA/>lSC SO-NODE MODEL, +loo% PERTURBATION, 100 SOFT 
CO?!IlUCTORS, NOISE 1/2%, KALgBS 
NODE 61 NODE 6 
TIME ORIGINAL PEKTURBED CORRECTED ORIGINAL PERTURBED CORRECTED 
( S E  C) ( OF) ( OF) ( OF) ( OF) ( OF) F) 
TABLE 3-38 - COMPARISON O F  SOFT CQNDUCTOR, CAPACITY AND 
SOURCE VALUES, 42 CONDUCTOS,  5 CAPACITIES AND 3 SOURCES 
+loo% PERTURBATION, NASA/MSC 50-NODE MODEL* NOISE 1/2XBKAL@BS 
K A L O H S  
c O H u ~ c t l 3 ~ ~  
1.04069-06 
9 .42620-07 
i r r ( ~ ( 3 6 b - 0 6  
9 .73352-07 
1 0 6 1 5 6 0 ~ 0 ~  
1.43506-05 
Ae9qrtlZ-05 
l .Y ' t539-05 
-4 .73776-03  
'4*7971tbi03 
5067697 -03  
- 3 . 4 ~ 3 1 6 - 0 3  
-2.55336-04 
- 2 0 6 2 2 0 1 - 0 4  
3 . 9 2 9 e ~ - c r  
2.56098-0'1 
6 . 9 5 3 9  1-08 
- 1  0 0 1 7 7 6 ~ 0 8  
7.033Li3=08 
9 0 8 6 1 3 8 * 0 7  
9 . 2 0 0 Y b 2 ~ 7  
9 .19947-07 
q.66138-07 
l * t 0 3 Q 9 m 0 6  
1.10378-06 
1 r 1 O'q00-06 
l * 1 0 9 0 0 m 0 6  
9 r9S590wdb  
2 0 5 2 1 3 7 - 0 6  





1002210 '06  
1.17127'06 
1*01256'06 




j 0 6 5 9 L ( 4 ~ 0 6  
P E R C E N T A G E  
OFF 
TABLE 3-38 (Cqn t . ) 
O R I G ~ * : A L  P E R ~ U R B L O  K A L O B S  P E R C E N T A G L  
VALUES V A L U E S  C O K R E C T I O N S  C ~ F F  
OR 1 G I  rt.rl. P E R T U R B E D  K A L O ~ ~  P E R C E N T A G E  
V ~ L U L S  VALUES C O R H E C ~ ~ O ~ S  OFF 
TAB1.E. 3-JI - COLVILRIBON OF T E M P ~ I L S ~ U W . ~  AT END O F  TRANSIENT 
+loo% PERTURBATION, 4 2 SOFT CONDUCTORS, 5 CMACITIES , 3 SOURCES 
NASA/MSC SO-NODE MODEL, NOISE 1 / 2 % ,  KALOBS 
N O W  Of4 I G I : .AL P E P  1 U R B L D  K A L O B S  P E R C E N T A G E  
NUHBEH T E M P L R A T ~ H C  T E M P ~ H A T U H L  TEMp C O R H  OFF 
TABLE 3-40 - COMPARISON OF TRANS I E N T  'I"EFPERATUKES W ITII ORIGINAL, PERTIJRBED 
AND CORRECTED CONDUCTOR, CAPACITY AND SOURCE VALUES 
42 SOFT CONDUCTORS, 5 SOFT CAPACITORS & 3 S O F T  HEAT SOURCES 
+loo% PERTURBATION,  ,UASAJ31SC 50-NODE hIODEL, N O I S E  1 / 2 % ,  KALQ)BS 
NODE 61 NODE 48 
TIME O R I G I N A L  PERTURBED CORRECTED ORTGINAL PERTURBED CORRECTED 
( O F )  (OF)  ( OF) ( OF) ( OF) ( O F )  
TABLE 3-41 OOHPAWISQN OF SOFT CONDUCTOR, CAPAGITY AND SOURCE VALUES 
19 CONWICTORS, 2 CAPACITIES AND 2 HEAT SOURCES 





TABLE 3-42 OOHPARISQN OF TElPERATURES AT END OF TRANSIENT 
19 SOFT a)NDUCIORS, 2 S O m  CAPACITIES & 2 SOFT HEAT SOURCES 
+SO% PERTURBATION, NASA/HSC 50-NODE MODEL, NOISE lX, KALFIL 
TABLE 3- 4 3 - W A R I S O N  OF SOFI' CO:JDUCLY)R VALUES 
+100X PERTURBATION, 481 SOFT CONDUCTORS 
NAS@~SC SOO-NODE HODEL, NOISE 1/2X, KllLgBS 
COUOUCI on O W ~ C ~ N A L  PERTURBEO CORRECTED PERCENTACE 
-NUHbtR -VALUES VALUES VALUES OFF ' 
TABLE 3-43 (Cont.) 
C 0 h U U C T O ~  OHl6lhlA~ P E R T U R ~ E ~  C O R R L C  TED PERCENTAGE 
NUMBER VALUES - V-ALUES VALUES O f  F 
TABLE 3- 43 (Cont . ) 
COhOUCTOW ORIGINAL 
NUPeER VALUES 
Q E R T U R B ~ D  C O R R E C T E D  
VALUES VALUES-  
TABLE 3-4 3 (Cont . ) 




TABLE 3-63 ( ~ o n t . )  
CONIJUC T O n  ORIGINAL PERTURBEO CORRLCTED 
WUH#€U VALUES VALUES VALUES 
PERCENTAGE 
OFF 
* :~ssociated with arithmetic nodes, 
3-68 
TABLE 3-43 (Cont.) 
C O N D U C T O ~  OR I G 2 NAL  PERTURBEO C O R R E C T E D  PERCENTAGE 
rJuneER VALUES V A L U E S  VALUES OFF 
TABLE 3- 43  (Cont.) 
CONUUC I On O M l G l h A i .  P f R T U R t i E o  C O R R E C T E D  P E R C E N T A G E  
NUHtlf U VALUES VALUES VALUES OFF 
* Asscciated with arLthmetic nodes, 
3-70 
5 
TABLE 3- 4 3  (Cont.) 
CONDUCTOH O n l G l h A ~  P E R T U R B E O  C O R R E C T E D  P E R C E N T A G E  
- ~ u n e c R  - -  - V A L U E S  - VALUES V A L U E S  o f  F 
- - -  ----- --- -- - 
~ ' - - - i e ~  0 Q - 1 3 3-; tJ3 0 0 0--1-3--- 3 e ~ 4 8 3 ~ - 1 3 - ~  e0054ii~2- 
- 
7 12J 1083000-13 3e66000-13 3,75464-13 1e0511]+02 
- -  Ti24 Ie52000-13 3rOY000-13 3e33460°13 1e19382*02 
7  I25 1074000-13 3e48000-13 3e57004-13 loQS680+02 
722b  1e42000-13 2eBY000-13 2 ~ 0 6 0 0 4 ~ 1 3  le01411*02 
7221 1e7UOOO-13 3046000-13 3,45523-13 - --- qe857C4*01 - -- 
- 7 - 5 u -  A 3 --- - 3*2)-4-000-13 3.04813~r3- reoos35+oi 
7223  letl3000-13 3e66000-13 3e7S297-13 1e05080*02 
7224 ieS2000-13 3eO4000-13 5132950-13 1*190U6*02 
7225 l*tYOOO-IJ 3eY8000-13 3e57177-13 1*05274*02 
7320 le42OOO-13 2e84000~13 ZeB4852-13 1000600*02 
* Associated w i t h  arithmetic nodes .  
TABLE 3-43 ( ~ o n t . )  
c 0 h D U C 7 0 ~  O H I G I ~ A L  P E R T U R B E D  C O H R E C T E D  PERCENT4GL 
NUHt)ER VALUES VALUES VALUES OFF 
TABLE 3 - 4 3  (Cont .) 
C O N U U C T O ~  0 ~ l G l h A ~  P E R T U R B E D  C O R R E C T E D  P E R C E N T A G E  
hUr38ER VALUES VALUES VALUES OFF 
4.0 AREAS OF IEIPROVEMENT A\:D STUDY 
4.1 Areas of Improving Thermal Network Correction Program 
Evaluation of the  thermal network correct ion program with the  
use of two SO-node models and one 500-node uodel revealed r a t h e r  encouraging 
r e s u l t s  i n  many racets  and a l s o  indicated correct ion d i f f i c ~ l t i e s  t h a t  may 
be eased with im;;rovements t o  the  program. Improvements t o  the  program 
include : 
(1) Boundinn of s o f t  parameters 
Some of  ~11e inaccuracies experienced i n  cor rec t ing  a s o f t  
param er were due t o  propagation of e r r o r s .  This i n a c c u ~ a c y  
i n  the  correct ion of s o f t  parameters could be miaimized by 
i ioundi~g the  magnitude of cor rec t ion  t h a t  would be permitted. 
(2) U s e  of double-p--ecision 
Numerical round-off e r r o r s  appear t o  be another source of 
cor rec t ion  inaccuracies.  Use of double-precision sho i~ ld  
improve the  accuracy of cor rec t ion  considerably f o r  those 
parameters t h a t  a r e  s e n s i t i v e  t o  very small changes i n  values,  
(3) Re-examination of a r i thmet ic  nodes 
Most of the s o f t  parameteis associa ted with an a r i t hme t i c  
node were not  corrected accurate ly ,  Pa r t  of t h i s  co r r ec t ion  
d i f  f j c u l t y  stems from the  "non-smooth" tehlperature behaview 
of a r i thmet ic  mdes .  A more de ta i l ed  examination of zero- 
capaci ty  nodes is required,  
4.2 Areas of  Additional Study 
The present  study using computer simulated temperatures provided 
basel ine  information on the  cor rec t ion  c a p a b i l i t i e s  of the  thermal network 
cor rec t ion  program. The base l ine  study must be extended t o  the  use of 
experimental tenperature  data .  This study shouid a l s o  include the  e f f e c t s  
of d i f f e r e n t  sets of temperature t rans ien ts .  corresporiding t o  dTfferent  sets 
of environmental t e s t  conditfons on the  s o f t  parameter correct ions .  
5 .O CONCLUS IONS AlVD RECOMMENDATIONS 
The overa l lob jec t ive  of t h i s  program was the development of a 
computer program t h a t  co r r ec t s  s o f t  parameters of a thermal network such 
t h a t  the  temperatures from the  upzated thermal network c o r r e l a t e s  wi th  
the  measured temperature data .  Using computer-simulated temperature 
t r ans i en t s ,  eva lua t ion  of the  thermal network co r i ec t ion  program indicated 
reasonable co r r ec t ion  of conductors and capacitances when corrected separa te ly  
and r e l a t i v e l y  poor cor rec t ion  of sources.  Mixture of a s o f t  capacitance 
with t he  s o f t  sources and conductors presented cor rec t ion  d i f f i c u l t i e s .  
Pract.;cal usage of t he  present  program is t o  a l a rge  ex ten t  dependent upon 
the  measured temperature d i s t r i b u t i o n  coupled with thermal model s i z e .  
Accurate s o f t  parameter cor rec t ion  was confined t o  measured subregions and 
the  accomrnr.l.rtion of su:n;'egions with sparse  temperature measurements were 
r a t h e r  r e s t r i c t i v e  becartse of the  need f o r  l a rge  computer coze. 
Weighing the  o v e r a l l  r e s u l t s ,  the present  thermal network co r r ec t ion  
program f u l f i l l s  t o  a l a rge  ex ten t  the  o v e r a l l  ob j ec t ive  of the  presen t  
development, 
I 
because of the  posf t ive  nature  of the r e s u l t s  generated i n  t h e  
present  study,  i t  is recommended t h a t  improvements t o  the  present  computer 
program as ind ica ted  i n  Section 4.0 be made and t h a t  add i t i ona l  s t u d i e s  
- .  
as ind ica ted  i n  Sect ion 4.0 be undertaken. 
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A. SYSTEMS OPERATIONAL PROCEDURE FOR THERMAL NETWORK CORRECTION 
Operational  procedure from t e s t  da ta  t o  a corrected network is a 
multi-step process with t he  i n t e r f a c e  between s t eps ,  i n  general ,  r equ i r ing  
s p e c i a l  user  a t t en t ion .  Some a t t e n t i o n  w a s  given t o  i n t e g r a t e  o r  e l imina te  
some of t he  i n t e r f a c e s  but  network s i z e  and the  need f o r  f l e x i b i l i t y  
required d i r e c t  user  pa r t i c ipa t ion .  Higher is the  degree of automation, 
less f l e x i b l e  and less genera l  is the  r e s u l t a n t  network cor rec t ion  program.. 
Tne o v e r a l l  opera t iona l  procedure f o r  thermal network cor rec t ion ,  as 
described below, recognized the  need f o r  user  s imp l i c i t y  but  was based 
pr imari ly  upon f l e x i b i l i t y  and genera l i ty  considerations.  A flow diagram 
with  s epa ra t e  program packages and i n t e r f a c e s  is shown i n  Figure A-1. 
A. 1 Data Edi t ing and Smoothing 
- The test da ta ,  temperature and hea t  f l u x  (when appl icab le ) ,  wi th  
a d ic t ionary  t h a t  c o r r e l a t e s  t h e  test information with t h e  node numbers of 
t h e  thermal network must be ava i lab le .  The smoothing and f i l t e r i n g  of t he  
test da t a  is done ex t e rna l  t o  t h e  thermal network cor rec t ion  program. 
. . 
A. 1.1 Input Requirements 
A d ic t iona ry  t h a t  c o r r e l a t e s  test d a t a  with thermal network nodal 
l oca t ions  must be provided. 
A. 1.2 Output Requirements 
A t ape  o r  deck with  t h e  n e c e s s a n  smoothed and f i l t e r e d  d a t a  in 
a format compatible with t h e  thermal network co r r ec t ion  package is required.  
A. 2 Data Transla t ion t o  Analyt iczl  Nodal Location 
If t h e  measurements are not  loca ted  a t  t h e  a n a l y t i c a l  nodal  
loca t ions ,  t he  u se r  must provide rranually (or otherwise) t h e  necessary 
means of test da t a  t r ans l a t i on .  This t r a n s l a t i o n  can be q u i t e  d i f f i c u l t  
because high accuracy is desired.  
A. 2.1 Input Requirements 
Since t h e  user  must provide the .necessary  t r a n s l a t i o n ,  t h e  input  
requirements are the  r e s p o n s i b i l i t y  of t h e  user.  
A.2.2 ' Output Requilements 
The user  provides t h e  necessary output  as indicated i n  para- 
graph A. 1.2 above. 
A. 3 Comparison of Test and Analyt ical  Temperatures 
Comparison of test and a n a l y t i c a l  temperatures f o r  t he  purpose of 
i s o l a t f n g  those  t h a t  are out-of-tolerance requi res  s e v e r a l  s u b - ~ i e p s  before  
temperature comparison can begin. Subroutine COMPAR is used; users  
i n s t r u c t i o n s  a r e  found i n  Appendix B. 
A. 3.1 Accuracy Assessment of Test Data 
The user  provides t h e  accuracy bounds of t h e  test data.  Normally 
the in forna t ion  considers  only  t h e  sensor  accuracy and t h e  recording 
accuracy, but  r e a l i s t i c a l l y  must a l s o  include the  d i s rup t ive  e f f e c t s  of  t he  
sensor. 
A.3.2 Accuracy Assessment of Analyt ical  Temperatures 
The use r  must a l s o  provide t h e  accuracy bounds of t h e  a n a l y t i c a l  
temperatures. A s e n s i t i v i t y  a n a l y s i s  program c a l l e d  STEP (discussed in  
Appendix C) is a v a i l a b l e  t o  t h e  user  f o r  t h i s  evaluat ion but is nodal-size 
l imi ted ;  f o r  t h e  UNIVAC-1108 (65 K core) ,  approximately 180 nodes can be 
accommodated. Network p a r t i t i o n i n g  o f f e r s  a possible  use  of STEP; how 
and where STEP is employed is l e f t  t o  t h e  d i sc re t io r ,  of t h e  user. As an 
important no te  of  i n t e r e s t ,  t he  user  must provide t h e  necessary parameter 
unce r t a in t i e s  t h a t  are required i f  temperature-uncer ta int ies  are t o  be 
generated. 
A.3.3 Input Requirements 
In add i t i on  to t h e  normal i npu t s  to SXNDA f o r  a given thermal net-  
work, subroutine COBPAR is ca l led .  Test d a t a  and a n a l y t i c a l  temperature 
bounds as determined i n  paragraphs A.3.1 and A.3.2 represen t  a d d i t i o n a l  
input considerat  ions.  
A.3.4 Output 
I f  t h e  comparison program is u t i l i z e d  as an independent program, 
t h e  output  is graphical  o r  tabular .  
I f  the  comparison is p a r t  o f  t he  parameter cor rec t ion  
procedure, t h e  output  of t h e  comparison program couples d i r e c t l y  wi th  
t h e  Kalman f i l t e r .  
A. 3.5 Out-of-Tolerance Region 
I d e n t i f i c a t i o n  of out-of-tolerance regions does not  represent  a 
d i s t i n c t  s t e p  in so fa r  as the  parameter cor rec t ion  procedure is  concerned, 
but if the output of the comparison program were to be used manually, a user 
could generate the out-of-tolerance regions. 
A. 3.6 Parameter Correction 
- Once the preliminaries, as indicated by steps A . l  through A.4 ,  have 
been completed, the parameter correction technique is employed. At this 
stage, the user must choose between subroutine LXLFIL or KALaBS. The fcnner 
i o employed when complete temperature measurements are not available and tt;e 
latter is used when complete temperature measurements are available. Dis- 
cussion of these subroutines and users instructions are reported in 
Appendix B. 
A. 3.6.1 Input Requirements 
Either subroutine KALFIL or KALBBS is called. Users instructions 
are found in Appendix B or reference 3. 
A.3.7.2 Output 
The output consists of original value of the "softf' parameters and 
the corrected values. 
A. 3.7 Verification of Parameter Values 
The corrected parameters are used't~ re-compute the network tempera- 
tures; the adequacy of these parameter values can be determined only by 
re-computing the temperat~res for the set of corrected parameter values. 
A. 3.8 Comparison 
The re-computed temperatures ate compared with test data. 

B . THERMAL NETWORK CORRECTION PACKAGE 
i;. 1 Introduct ion 
The thermal network cor rec t ion  package c o n s i s t s  of a number of 
subrout ines ,  many of which a r e  i n t e r n a l l y  programmed a s  pa r t  of a l a r g e r  
program subpackage such as STEP which is discussed i n  Appendix C. These 
subpackage programs a r e  not  t o t a l l y  in tegra ted  and must be employed i n  a 
setpwise procedure as indicated i n  Appendix A. Major subpackages are denoted 
as Data Comparison and P lo t t i ng ,  S e n s i t i v i t y  Analysis, and Parameter Correc- 
t ion .  Operation procedure from t e s t  da t a  t o  a corrected network w a s  
repor ted previously in Appendix A and d e t a i l e d  t h e o r e t i c a l  development is 
contained i n  Reference 1. Major considerat ions  and use r s  i n s t r u c t i o n s  are 
repor ted here.  
B. 2 Theore t ica l  Development of Kalrnan F i l t e r i n g  
Kalman f i l t e r i n g  was chosen over o the r  methods because it o f f e red  
a way t o  so lve  some of t h e  problems presented by temperature measurement 
s p a r s i t y ,  y e t  r e t a ined  so lu t ion  s imp l i c i t y  when t h e  number of measured 
temperatures i n  a region is complete. Governing equat ions  are presented 
for t h e  case of temperature s p a r s i t y  and f o r  t h e  s p e c i a l  condi t ion of com- 
p l e t e  temperature measurement. 
0.2.1- Sparse Temperature Measurements 
Consider t h e  hea t  balance equation,  
. . 
dT Qi(t)  n n b i 
- 5 
> 
+ I c  'Tj 1 (Tj4 - Ti4) - T.) + o L d t  (B-1) Ci 3-1 i j=1 i 
where : Ti is t h e  temperature of t h e  i t h  node 
t is t h e  time 
Qi(t) is the  hea t  input t o  t he  i t h  node 
a 
i j is the  conductance 
Ci is the  capacitance of t he  i t h  : 2 
b 
i j is the  r ad i a t i on  c o e f f i c i e n t  
u is the  Stefan-Boltznann constant  
For a thermal model t h a t  contains n nodes v i t h  m nodal tempera- 
tures  measured, where m - < n, the  random noise corrupted measurement vector,  
{y*), is  an m by 1 vector whose elements are given by the  m noise 
corrupted measured temperature. This is given by 
- 
where T: = random noise corrupted measured temperature f o r  the  i t h  node, 
i - 1,2,...,m 
Sum of model parameters and isothermal nodes is p.  The s t a t e  vector 
is a p by 1 vector whose elements are the  n nodal temperatures and the  ( p n )  
model parameters. The (p-n) parameters a r e  represented by, 
The state vector is indicated by, 
Relationship between the  measurement vector and the  s t a t e  vector  is given 
by the following matrix observation equation 
In equation (B-4),[M] is the  m by p measurement matrix given by 
and {W) is the  m by 1 random measurement noise vector  whose elements are 
t h e  random noises  associated with the m measured temperatures. This is 
given by 
-- twlT = (W1, W2, ' . , w 1 rn 
Details of the  der ivat ion of the  Kalman f i l t e r  may be found i n  Reference 1. 
The following summarizes the  Kalman f i l t e r  equations whereby t h e  correct ion 
of the thermal model parameters can be obtained sequentially.  
where: iy*It = random n o i s e  corrupted  measurement vec to r  
( temperature)  ob ta ined  a t  t i m e ,  t. 
{ x I t  = v a l u e  of t h e  state v e c t o r  (unknown parameters) 
a t  t i m e ,  t. 
{w.} = random n o i s e s  a s s o c i a t e d  wi th  t h e  measured d a t a  
ob ta ined  a t  t i m e ,  t. 
tx}t+*t = v a l u e  of t h e  state v e c t o r  (unknown parameters)  a t  
t i m e ,  t + A t  
{MI = measurement ma t r ix  evaluated  a t  t i m e ,  t. 
{at = new e s t i m a t e  of t h e  s t a t e  v e c t o r  (unknown 
parameters)  a f t e r  p r o c e s s i n g - t h e  measured d a t a  
ob ta ined  a t  t i m e ,  t. 
{Galt = a p r i o r i  e s t i m a t e  of t h e  s t a t e  v e c t o r  (unknown 
parameters)  be fo re  process ing  t h e  measured d a t a  
ob ta ined  a t  t ime, t. 
D l t  = measurement weighting matr ix  eva lua ted  a t  t i m e ,  t 
( t h e  time varying gain) .  
,t. 
1 
= E[({x)  - { X  ) ) ({XI  - I X  I )  1 ,  e r r o r  covar iance  
a  a  
ma t r ix  f o r  t h e  a p r i o r i  e s t i m a t e  s t a t e  v e c t o r .  
T 1 Jl = E[({x) - ( i i ) ) ( (x)  - ( 2 ) )  1,  e r r o r  covar iance  
mat r ix  f o r  t h e  newly es t imated  s t a t e  vec to r .  
- 
Given t h e  c o r r e c t i o n  scheme whereby t h e  h l m a n  f i l t e r  equa t ions  
a r e  used, t h e  fo l lowing s t e p s  a r e  performed: 
(1) F i r s t  o b t a i n  an a  p r i o r i  e s t i m a t e  f o r  t h e  s t a t e  v e c t o r  {x ) 
a t 
and t h e  a s s o c i a t e d  e r r o r  cov3riance mat r ix  [A] t '  
(2) C a l c u l a t e  t h e  time varying ga in  [B] us ing  t h e  equat ion  
t 
(B-11) and t h e  f i r s t  s e t  of measured da ta ;  
(3) Obtain new e s t i m a t e  f o r  s t a t e  v e c t o r ,  (GIt,  us ing  equat ion  
(B-9) and t h e  f i r s t  s e t  of measured d a t a ;  
(4) Ca lcu la te  t h e  e r r o r  covar iance  matr ix ,  [J] f o r  t h e  newly t 
es t imated  { X I  using equa t ion  (B-12) ; 
( 5 )  Update t h e  newly es t ima ted  state v e c t o r ,  ( % I t ,  wi th  equat ion  
(B-13) t o  o b t a i n  t h e  new a p r i o r i  estimate a t  t i m e  t + A t  and 
c a l c u l a t e  i t s  a s s o c i a t e d  e r r o r  covar iance  matr ix  us ing  
equat ion  (B-14). 
(6) Repeat S t e p s  (2)  t o  (5) us ing  t h e  new a p r i o r i  estimate f o r  
t h e  state v e c t o r  and i t s  a s s o c i a t e d  e r r o r  c o v a r i a r c e  matr ix  
w i t h  t h e  2nd set of measured da ta .  
(7) Repeat above u n t i l  a l l  t h e  measured d a t a  have been processed 
o r  u n t i l  d e s i r a b l e  r e s u l t s *  a r e  obta ined.  
Temperature Dependent Parameters  
For temperature dependent. parameters ,  t h e  c o e f f i c i e n t s  are 
considered t o  be  of t h e  form 
0 0 Only t h e  cons tan t  p o r t i o n  of a and bii , a. . and bij , 
i j  is t o  be 1-1 
c o r r e c t e d  and t h e  f u n c t i o n s  f (T T ) a n d - g ( ~  T ) are -cons ide ied  t o  be known. i' j i' j 
Usifig equa t ions  (B-15) and (B-16) f o r  t h e  a 's and t h e  b 's, t h e  
i j  i j - -
h e a t  ba lance  equat ion  f o r  node i can be  w r i t t e n  as, 
C a ~ a c i t a n c e  as "Soft" Parameters 
t t  A capaci tance  as a s o f t ' '  parameter  p recen t s  cons ide rab le  network 
c o r r e c t i o n  d i f f i c u l t i e s  w i  t h  t h e  cond i t ion  of temperature s p a r s i t y .  
Equation i n d i c a t e s  t h a t  i f  t h e  capaci tance  "hard", conductors 
and sources  may be i s o l a t e d  from the  capaci tance  b u t  i f  t h e  capaci tance  
is "sof t"  a l l  of  t h e  r a t i o s ,  Q ~ / c ~ ,  aij/Ci, and b / C  appear  t o  be  "sof t"  
i j  i 
even though an a and/or  b may b e  ha rd .  By a s u i t a b l e  programming 
i j i j  
procedure,  the  capaci tanck C may be  cor rec ted  when the  conductors a r e  
I1 
i 
hard" b u t  t h e  i n d i v i d u a l  c o r r e c t i o n  of the  conductors and the  
capaci tance  becomes d i f f i c u l t  when both c a t e g o r i e s  of paramete:s a r e  "sof t" ,  
Thus when temperature s p a r s i t y  i s  p r e s e n t ,  t h e  p r e s e n t  network c o r r e c t i o n  
method has  been coded f o r  the  c o r r e c t i o n  of a  "so£ t" capaci tance  o r  "sof t"  
conductorr. ( i n c l u d i n g  sources)  a s soc ia ted  wi th  a  given node. W i  tk complete 
temperature measurements, s o f t  conductors and a "sof t"  capaci tance  
a s s o c i a t e d  wi th  a  given node may be cor rec ted .  
B.2.2 Complete Temperature Measurements 
It w a s  i n d i c a t e d  above t h a t  i f  d l  of t h e  nodes a r e  monitored, a  
ve ry  l a r g e  network can be cor rec ted .  This  is p o s s i b l e  because t h e  
governing hea t  ba lance  equat ions  can be opera ted  s i n g l y  and timewise 
s e q u e n t i a l l y .  The Kalman f i l t e r  i s  formulated t o  t a k e  advantage of t h i s  
s p e c i a l  temperature measurement s i t u a t i o n .  
The Kalman f i l t e r i n g  equat ions  may be formulated by f i r s t  
a r rang ing  t h e  h e a t  ba lance  e q l ~ a t i o n  a t  t h e  i t h  node such t h a t  t h e  known 
q u a n t i t i e s  (hard parameters ,  temperature,  and temperature d e r i v a t i v e s ,  i f  
C is hard)  a r e  on one s i d e  of  t h e  equat ion and t h e  k unknown q u a n t i t i e s  
( s o f t  parameters)  a r e  on t h e  o t h e r  s i d e .  
The set of k equat ions  of t h e  i t h  node p l u s  some raxr+om n o i s e  
a s s o c i a t e d  wi th  t h e  measurement d a t a  will y i e l d  t h e  followinc. i;.atrix 
equat ion  : 
where: y: r e p r e s e n t s  an a r t i f i c i a l  measuremrnt v e c t o r  a t  t h e  i r a  
node composed of hard parameters  and temperature da ta .  
[M ] is t h e  a r t i f i c i a l  measurement ma t r ix  t h a t  involves  t h e  i 
c o e f f i c i e n t s  of these  unknown parameters.  
{xi) is t h e  s t a t e  v e c t o r  formed wi th  t h e  unkaown model 
parameters.  
[W ] is  t h e  random n o i s e  inatrix s s s o c i a t e d  wi th  t h e  measurement i 
da ta .  
I f  t h e  unknown parameters  a r e  considered t o  be c o n s t a n t ,  t h e  
updat ing  matr ix ,  [U], i s  e s s e n t i a l l y  an i d e n t i t y  matr ix.  With { ; > I ,  
y , [Mi], and [ u . ]  now formulated,  t h e  Kalman f l l t e r i n g  method is 
1 
completely i d t , l t i f i e d  by assuming a p r i o r i  infarmat ion  f o r  t h e  unknown 
parameters.  
After the unknown ( s o f t )    me tet s fo r  node i are de termfnsC 
the prac t  :re is repeated for ti. n u d ~  u i t t i  tile exce 'c: t h a t  a.13 
parameter of  the j t h  ncde tha t  was corrected w ~ t h  the  i t h  node so lu t ion  
is set t o  corrected values and desigtrated as hdrii f o r  the j t h  node. 
An impartant consideration oi the s c q t ~ c u t i a l  method i n  the 
equationwise se,,se is t h a t  t h e  expected par&t?idr cor rec t ion  accuracy 
of t h i s  Xalman f i l t e r i n g  method cannot be expected t o  be as high as the 
Kalrrcan f i l t e r i n g  awthod when the  e n t i r e  network is considered simulta-  
neously. ?he ledsou for  th i s  is ttrat aic*re inr':.txat ion is ava i l ab l e  t o r  
correcting an individual  parameter wi th  simultdneous netvork processing 
than - i t h  the  equationwise sequent ia l  method. The need f o r  the la t ter  
ri erises from the need f ~ r  cor rec t ing  a la rge  netvork but s z b j e c t  to 
computer core l i a r i t a t i cns  and computationai c ~ n s t r a l n t s .  
1.3 Parameter Correction and Users Ins t r u c t i  ems 
-- ---- -- - 
Parameter correct ion of a large t h e i n d  n ~ t u o r l  with temperature 
spa1 a,ry r e q u l ~ e s  a rrreans o f  assess ing  unobservabil i tv , 05servabi l l  t y  , 
and the correct ion of the parameters. UnobservabiJ i ty  of a network is 
detemined as p a r t  of  the KALFIL subrout iae ,  b a t  obse rvab i l i t y  of a network 
is pursrred with a separa te  subrout ine  c a l l e d  K.d;t%bS. The need f o r  olro 
separa te  subroutines is a d i r e c t  r e s u l t  of the  crrc Kalman f i l t e r i n g -  
formulations. Subroutine M L F I i  processes the  network equat ions  s i m u l  ta- 
neously whereas subrout ine  KAL~BS processes the netwvrk equations s ing ly  and 
sequent ia l ly .  In  general ,  "WIFIL should y i e l d  more accura te  cor rec t ions  
t ha ;  KALdBS. In tegra t ion  of  both subrout ines  i n t o  a s i n g l e  package would 
bave unduly :omplicated the  o v e r a l l  the  ma1 netsork cor rec t ion  package ; the  
user thus m u s t  make a decis ion based upon r a t h e r  stmple ground ru les .  I f  a 
netuctrk contains  t o t a l l y  measured nodes, U $ B S  is ~ s e d  unless  the  number 
of nodes plus  the  number of  "soft" parameters t o t a l  less than aa,out 100; 
'C 
i o r  the l a t t e r  W F I L  is used. If a network contains  a region or regions 
with complete temperature measurements, subrout ine  KALQBS is c a l l e a  f i r s t  
i n  ord: r t o  cor rec t  and set hard those "soft1' pa:ameters which are t ~ t a l l y  
observcble; t h ~ n  st-t rcu t lne  KALML is ca l led  f o r  thz remainder o f  the  net-  
wcrk. I f  a new< rk contains  orrly a l i m f  t ed  nun;ler of measured tzmperatures 
and tkr - a ~ u r e x c n t s  are sparse ly  dist . ; s ~ t e d ,  subroutine KALFIL is ca l led .  
An important cons idera t ian  tha t  should be discussed here  is the  
accuracy of the  "soft"  p a r a w t e r  correct ion.  The correct ion is sub jec t  t o  
the  observabi l i ty  of the conductors and the  accuracy of the  measured 
temperatures. In some ins tances  , the  corrected paramater values may be 
i n  g ross  e r r o r  and physical ly  not  r e a l i z a b l e ,  such as negative conductor, 
bu t  t h i s  should no t  be par t icular11 s u r p r i s i n g  s i n c e  the parameter values 
merely r e f l e c t  the  accuracy and observab i l i  r;- condit ions . On the  o the r  
hand, the  ca lcu la ted  temperatures wi th  the  corrected parameters shauld 
c o r r e l a t e  q u i t e  c lose ly  wi th  the ateasured temperatures . 
B -3 -1 Ccrrection with  Complete Temperature Xeasurements (KAL@Bs) 
This sub tou t ine  is used t o  co r r ec t  "soft" parameters t h a t  are 
contained i n  a t o t a l l y  observable network o r  subregions. These regions 
a r e  i d e n t i f i e d  as measured nodes surrounded by measured nodes wi th  t he  
b a s i c  smallest t o t a l l y  observable region being a s i n g l e  measured node 
surrounded by measured nodes. The hea t  barance equations are processed 
s i n g l y  and sequent ia l ly  wi th  the  "soft" parameters set @%ardl@ a f t e r  
correct ion.  For t h i s  subrout ine  t h e o r e t i c a l l y  a l l  (less one) o f  the  
parameters assoc ia ted  wi th  a given node may be  se l ec t ed  as @@soft" and 
cor rec tab le ,  the  u se r  should keep the  number of "soft" parameters t o  a 
minimum a d  i n  general  i t  is b e t t e r  no t  t o  mix a "soft1' capacitance wi th  
"soft'' conductances and/or source  assoc ia ted  wi th  a given node. User 
- .  
i n s t r u c t i o n s  f o r  KMBS are presented i n  Table B-1. 
B -3 -2  Correction with  Temperature Spars i ty  (KALFIL) 
This subrout ine  determines the  unobservabil i  t y  of network elements 
and sets a l l  unobselvable elements as 'hard" i n  the  i n d i c a t c r  vec tc r ,  
thereby e l imina t ing  then f o r  co r r ec t ive  consideration,  Subregions are 
i d e n t i f i e d  and dummy pseudo compute sequences formed. These drlmmy pseudo 
compute sequences a r e  then u t i l i z e d  by subrout ine  UMATRX t o  form the  
i n t e g r a t i o n  matrix c t i l i z e d  i n  ca l cu l a t i ng  the B and J matrices. (Refer 
t o  paragraph B.2.1) i n t eg ra t ion  of  the t o t a l  network is  performed by 
a s tandard  SINDA network in t eg ra t ion  subroutine.  In t h i s  manner the  KALFIL 
parameter cor rec t ion  method fo r  the  condit ion of temperature spa r s1  ty  is 
appl ied t o  the subregions simultaneouslp as thor~gh the  r e s t  of the  network 
was t ~ t a l l y  tal.!. A subregion surrounded by unmeasured nodes is less 
des i r ab l e  t one surrounded by measured nodes. The l a t t e r  i s o l a t e s  the 
- B-7 
TABLE B-i WAY NETWORK CORRECTIOB WITH COMPLETE 
TEMPERATURE MEASUREMENTS 
SUBROUTINE NAHE: W @ B S  
This subroutine uses the Kahan f i l t e r  method t o  correct  s o f t  
parameters t h a t  are coctained i n  t o t a l l y  observable subregions. - This 
subroutine employs the heat balance e q u a t l o i  s ingly  and t i m e w i s e  
sequent ial ly .  Such a subregion includes a l l  the conductors i n t o  a meascred 
node when a l l  the surrounding nodes are a l s o  measured. I f  an adjoining 
node has i den t i ca l  t e q e r a t u r e s  as the node under consideration, correct ion 
--- 
1s n o t  possible. I f  t o t a l  measurements a re  not avai lable  the user should 
continue the correct ion procedure by using the subroutine KALFIL. This 
subroutine Temoves aode and conductor ambers  from the I C  acd IG arrays 
f o r  corrected parameters. W B S  is ca l led  i n  the execution biock. 
\ 
RESTRICTIONS : 
This subroutine requires the long pseudo-compute sequence (LPCS). 
The capacitor and conductor indica tor  arrays =wit have t h e i r  ccmtents i n  
. . 
the same input order  as the node source and conductor data, respectively. 
A l l  temperaiures m u s t  be i n  the Fahrenheit system. 
Where: IPNT 





is an intermediate p r i n t  indicator :  I = 0,no; I $ 0,yes 
is an array  of ac tua l  node n d e r s  of measured temperatures 
and must be i n  the saute order  as the  test temperatures 
is an array of actual node nrsrbers of so£ t sources 
is an array of ac tua l  node numbers of s o f t  capacitors 
is an array  of  ac tua l  conductor numbers of s o f t  conductors 
- 
is a time h i s to ry  matrix of test temperatures, each rw 
being a time s l i c e  vi th  t i m e  as the f i r s t  value 
is the temperature noise estimate 
is the percent of estimated source error t i m e s  0.01 
is the percent of estimated capacitor e r r o r  t i m e  O.Oi 
is the p e r c e c t  of estimated ccnductor  e r r o r  time 0.01 
subregion from ou t s ide  inf luences ,  while t he  former is  suscep t ib l e  t o  e r r o r  
propagation from o the r  subregions not ye t  corrected.  In o rder  t o  hold - 
exte rna l  inf luences  t o  a minimum, a l l  nodc x t s i d e  t he  subregions under 
construct ion a r e  forced t o  t h e  measured temperatures, i f  ava i lab le .  
The condi t ions  of observabi l i ty  and unobservabil i ty a s  determined 
i n  Reference 2 a r e  l i s t e a  ir Table B-2. In subrout ine  KALFIL parameters 
between unmeasured nodes are automat ical ly  s e t  hard ( i t e m  6, Table B-2, 
s ince  these  parameters are completely unobservable. Users i n s t r u c t i o n s  f o r  
KALFIL a r e  presented in Table B-3. 
8.3.3 Time-Temperature History Matrix (TESRIP) 
Subroutine TESW which is p a r t  of the  parameter co r r ec t ion  
package a i d s  t he  user  i n  forming a time-history matrix. Users i n s t r u c t i o n s  
are given i n  Table B-4. 
B. 4 S e n s i t i v i t y  Analysis 
Accuracy bounds of t he  a n a l y t i c a l  temperature may be generated by 
t h e  use  of t h e  sensi t iv i ty- temperature  error-program (STEF). Theoret ical  
2evelopment of STEP and b r i e f  u s e r s  i n s t r u c t i o n s  are presented i n  
!-- nmdix  C. For d e t a i l s  on t h e  o v e r a l l  program ins t ruc t ions ,  t h e  reader  
should r e f e r  t o  Reference 3. STEP provides a means of generat ing temperature 
uncer ta in ty  due t o  parameter u n c e r t a i n t i e s  and a means of assess ing  t h e  
r e l a t i v e  'hardness" o r  "softness" of a parameter with respec t  t o  a given 
temperature. 
B.5 9ata Comparison and mlot t i n?  
Comparison of test and a n a l y t i c a l  temperatures f o r  t he  purpose of  
i s o l a t i n g  those t h a t  are out-of-tolerance requi res  s e v e r a l  sub-steps before 
t e m p e r ~ t u r e  cornoarison can begin. Out-of-tolerance c r i t e r i o n  is determined 
from accuracy assessment of t e s t  da t a  and accuracy assessment of a n a l y t i c a l  
temperatures; f o r  the  la t ter  , a s e n s i t i v i t y  ana lys i s  program c a l l e d  STEP 
o f f e r s  a way f o r  t h i s  assessaent .  Discussian of  STEP and users i n s t r u c t i o n s  
are presented i n  Appendix C. 
Due t o  the indeterminate amount of da ta  t ha t  have t o  be processed, 
the  comparison and p l o t t i n g  capab i l i t y  w a s  coded as two sepa ra t e  subrout ines ,  
C@.YPAK and PLaTNP. These subroutines are coded i n  such a manner t h a t  they 
may be c a l l e d  i n  the  a m e  run o r  i n  a batcned mode. The a c t u a l  p l o t t i n g  is 
done by i n t e r n a l  c a l l s  t o  SC-4060 q u i c k  p l o t  subrout ines  which have i d e n t i c a l  
names and arguments to  the  CINDA-3C SC-4060 quick p l o t  subroutines i n  use 
at  NASA/MSC. Description and users in s t ruc t ions  f o r  aMPAR and PUTMP 
are presented i n  Table B-5 and Table B-6 respect ively .  
B.6 Example of Input fo r  Subroutine KAL$BS 
The NASA/blSC 50-node mass spectrometer model was s e l e c t e d  t o  
i l l u s t r a t e  the  input  required f o r  subrout ine  KALQIBS; explanation of the 
various inputs  is ind ica ted  d i r e c t l y  on the computer print-out  as shovn 
i n  Table B-7. Model c h a r a c t e r i s t i c s  a r e  the  same as those ind ica ted  i n  
Appendix D, b u t  the  input  format f o r  the h e a t  source is d i f f e r en t .  I n  
Appendix D the  heat sources are placed i n  the  BCD 3VAEUABLES 1 block, 
whereas i n  the  example shown i n  Table B-7 the  hea t  sources are placed i n  
w 
the  source  da t a  block s i n c e  several sources  of hea t  were s e l e c t e d  t o  be 
"soft". For node d a t a  and conductor c h a r a c t e r i s t i c s ,  the  reader  should 
r e f e r  t o  Appendix D. 
The model considered here  has complete temperature measurements , 
th i r ty -e igh t  s o f t  capac i to rs ,  twelve s o f t  h e a t  sources ,  and forty-two 
s o f t  conductors wi th  s per turba t ion  o f  +100X. 1t should be p a r t i h l a r l y  
noted i n  t h i s  example t h a t  some o f  the  input  is f o r  the generation of 
simulated temperature data and per turbed parameters. rlhe input  when 
experimental data are used would be d i f f e r e n t  from the example shmm here. 
B.7 Example o f  Input f o r  Subrqutine KALFIL 
An example of i npu t  f o r  subrout ine  KALFXL is shown i n  Table B-8, 
again us ing the  NASA/MSC SO-node mass spec t rometer -mdel .  This example 
contains  24 laeasured temperatures, 2 s o f t  capac i to rs ,  2 soft  hea t  sources,  
and 19 s o f t  conductors. The per turba t ion  f a c t o r  is +50Z. Fvplanation of 
the  var ious  inputs  is ind ica t ed  d i r e c t l y  on the computer print-out ,  
TABLE B-2 
SUMMARY OF OBSERVABILITY SITUATIONS AND CORRECTIBILITY CONDITIONS 
(From Table 2-7, Reference 2 )  
SITUAYIONS OBSERVABILITY ACCURACY 
1. Complete t empera tu re  measurements A l l  parameters  a r e  o b s e r v a b l e  Genera l  : Comments d i s c u s s e d  
below app ly  
2 .  An unmeasured node surrounded by Parameters  t o  unmeasured node are Genera l  : Comments d i s c u s s e d  
measured nodes obse rvab le  below app ly  
3. An unmeasured node surrounded by Parameters  from measured nodes t o  t h e  General :  Comments d i s c u s s e d  
measured nodes and one  boundary unmeasured node a r e  o b s e r v a b l e  below apply  
node I Parameter  from boundary node t o  S p e c i f i c :  The c o r r e c t i o n  accu- 
unmeasured,node i s  unobservable  r acy  is very  s e n s i t i v e  t o  t h e  
Parameters  from t h e  measured node are v a l u e  of t h e  pa ramet t r  which is 
o b s e r v a b l e  unobservable  and thus n o t  co r -  
rect i b l e  
4 .  A measured node surrounded by 
unmeasured nodes 
Parameters  from t h e  measured node are C e r e r a l ;  Comments d i s c u s s e d  
o b s e r v a b l e  be1 ~ . r .  app ly  
Spec ; i i c :  Even w i t h  exac t  
i n i i f a :  *elnyeratures of t h e  
unmeamreu nodes ,  t h e  convergence 
may n o t  b& t o  t h e  e x a c t  parameter  
v a l u e s  
5 .  A measured node surrounded by Parameters  from t h e  measured nodes The comment f o r  s i t u a t i o n  4 a p p l i e s  
unmeasured nodes and one are o b s e r v a b l e  The v a l u e  o f  t h e  parameter  from 
boundary node t h e  meagured node t o  t h e  boundary 
node converges t o  t h e  t r u e  va lue  
6 .  Two a d j a c e n t  unmeasured nodes Parameters  between unmeasured 
nodes a r e  lrot o o s e r v a b l e  
Parameters  are n o t  c o r r e c t i b l e  
7. P a r a l l e l  coup l ing  P a r a l l e l  l i n e a r  coup l ing  is n o t  P a r a l l e l  l i n e a r  conductors  cannot  
i n d i v i d u a l . 1 ~  o b s e r v a b l e  be i n d i v i d u a l l y  c o r r e c t e d  
P a r a l l e l  l i n e a r  and r a d i a t i o n  cou- P a r a l l e l  l i n e a r  & r a d i t i o n  coup l ing  
p l i n g  a r e  i n d i v i d u a l l y  o b s e r v a b l e  are i n d i v i d u a l l y  c o r r e c t i b l e  
Genera l  Cvmment : The accuracy of t h e  parameter  c o r r e c t i o n  is dependent  upon t h e  accuracy of ' t he  exper imenta l  
t empera tu re  d a t a ;  a q u a n t i t a t i v e  measure is n o t  known a t  t h i s  t ime.  For an  unmeasured node 
t h e  i n i t i a l  tempera ture  must be  known a c c u r a t e l y ;  t h e  accuracy of t h e  parameter  v a l u e s  are 
q u i t e  s e n s i t i v e  t o  t h e  i n i t i a l  t empera tu re  va lue .  
TABLE B-3  W A N  NETWORK CORRECTION WITH SPARSE TEMPERATURE MEASUREMENTS 
SUBROUTINE NAME: KALFIL 
PURPOSE : 
This subrout ine  performs network parameter cor rec t ion  by the  Kalman 
f i l t e r  method. I n  general  i t  should be appl ied :o the  model being correbted 
a f t e r  KAL$BS has been appl ied.  This rou t ine  must be c a l l e d  upon i n  the  
Variables 2 block with  CNFRDL i n  the  execution block. It  performs an i n i t i a l  
pass i n  o rder  t o  reduce ( s e t  hard) those network elements which are uncor- 
r ec t ab l e  due t o  obse rvab i l i t y  c r i t e r i a  (unobservable) . It then makes a 
second pass i n  o rder  t o  remove from the  ca l cu l a t i on  procedure measured nodes 
which do no t  con t r ibu te  t o  the  so lu t ion .  It  then s e t s  up seve ra l  square 
- matrices of o rder  N ,  where N is the  number of remaining measured temperatures 
and s o f t  parameters, and simultaneously so lves  the  Kalman f i l t e r  set of 
equations.  A l l  corrected parameters a r e  set hard and the  corrected values 
placed i n t o  the  appropr ia te  network loca t ions .  Immediately a f t e r  the  
cor rec t ion  process,  a n a l y t i c a l  check runs can be performed. 
RESTRICTIONS : 
Must be c a l l e d  i n  Variables 2 by CNFRDL i n  the  execution block; 
may no t  be u t i l i z e d  more than once pe r  run. Degrees Fahrenheit required.  
. - 
CALLING SEQUENCE: KALFIL(I,IT(IC) ,IC(IC) ,IQ(IC) ,IG(IC) ,AT(IC) ,AJ(IC)) 
Where: I is an i n d i c a t o r  f o r  in termediate  pri-ntout: I = 0,no; I # 0,yes 
IT  is  an a r r ay  of  a c t u a l  i n t e g e r  node numbers of the  measured 
temperatures and must be i n  the  same o rde r  as t he  TA a r r ay  
I C  is an ar ray  of ac tua l  i n t e g e r  node nmabers of s o f t  capac i to rs ;  
m u s t  be  i n  the  same o rde r  as the  node da t a  input  
IQ is an a r r ay  of ac tua l  i n t e g e r  numbers of s o f t  sources and 
must be  i n  the  same order  as t h e  source da t a  input  
IG is  an a r r ay  of  ac tua l  i n t e g e r  conductor numbers of s o f t  con- 
ductors ;  must be i n  the  same order  as the  conductor d a t a  i npu t  
AT is a matrix of t e s t  temperature h i s to ry  wi th  the nirmber of 
rows being the  number o f  time po in t s ,  the  f i r s t  column 
represen t ing  time and the  second column represent ing t e s t  
temperatures i n  the  same order  as the  IT a r ray  
AJ is  an a r ray  of no ise  and e r r o r  es t imate  squared f o r  each s o f t  
parameter and must be i n  order  wi th  IT, I C ,  I Q ,  and I G .  
TABLE B-4 
SUBROUTINE NAME: TESTblP 
PURPOSE : 




CALLING SEQUENCE: TESTMP(I,J,AT(DV),X,Ml(IC)) 
, 
Where: I is always a zero integer 
J is the number of values to be stored from AT 
AT is the start of an array of values to be stored in MI 
X is generally TIFIEN and is always stored ahead of XT 
AM is a matrix array which must have J+1 columns. 
NOTE : 
This subroutine is generally called upon in the Output Calls block. 
Each time it is called I is updated by one and another row added to the AM 
matrix. When AM is full its operation ceases. 
TABLE 8-5 
TEMPERATURE-TIME HISTORY COMPARISON SUBROUTINE 
SUBROUTINE NAME : C&~PAR 
PURPOSE : 
This subrout ine  compares two time-temperature h i s t o r y  matr ices  t o  
see i f  the  d a t a  sets agree w i th in  some s p e c i f i e d  to lerance .  The user  must 
supply an a r ray  of  i n t e g e r  node numbers i n  the  corresponding o rde r  of  the  
temperature da ta .  Those temperature sets which a r e  out-of- tolerance w i l l  
have the  node qumber set negat ive  i n  prepara t ion f o r  p l o t t i n g  of out-of- 
to le rance  temperatures by subrout ine  PL6TMP. (Table 3-6) 
RESTRICTIONS : 
T h e  two time-temperature h i s t o r y  matr ices  must be of eque l  s i z e  
and the  node numbers inpu t  under the  i n d i c a t o r  a r ray  must be i n  the  same 
- .  order as the matr ix  temperature da ta .  
CALLING SEQLZNCE : C W A R  (IA(I2) , T ~ L , T K ~ ( I C )  ,TM~(IC)  ) 
Where: I A  is t h e  address of the  i n d i c a t o r  a r r ay  
T0L is the  out-of- tolerance c r i t e r i o n  (OF) 
TM1 is the f i r s t  ti*-tempertiture matrix array* 
Ri2 is the. second tiire- temperature mat r ix  array* 
* Refer t o  page A.6-1,  Reference 3 f o r  met r ix  Foniat ( f i r s t  
column is time) 
TABLE B-6 
TEMPERATURE PLOT SUBROUTINE 
SUB ROUT1 NE NAME : 
PURPOSE : 
This  s u b r o u t i n e  should  be used i n  con junc t ion  w i t h  s u b r o u t i n e  
COMPAR. The i n d i c a t o r  a r r a y  is  s e a r c h e d  u n t i l  a n e g a t i v e  node number i s  
found which i n d i c a t e s  an out -of - to lerance  c o n d i t i o n .  The cor responding  
tempera tures  from a r r a y  RI1 and TM2 a r e  then p l o t t e d  us ing  x  and o 
p l o t t i n g  symbols,  r e s p e c t i v e l y .  The a c t u a l  node nuaber from t h e  i n d i c a t o r  
a r r a y  is  p r i n t e d  as a top  l i n e  heading.  The p l o t  produced r e q u i r e s  
f u r t h e r  p r o c e s s i n g  on t h e  SC-4060 .  
RESTRICTIONS : 
The u s e r  shou ld  c o n s u l t  Appendix E ,  Cont ro l  Cards and Deck Se tup ,  
t o  check t a p e  d e s i g n a t i o n  requi rements .  Subrou t ine  PL~TMP s e l e c t s  t h e  
a p p r o p r i a t e  g r i d  l i m i t s  and then  i n t e r n a l l y  c a l l s  upon s u b r o u t i n e  PLaTX2. 
The u s e r  must c a l l  upon s u b r o u t i n e  PLTND a f t e r  a l l  p l o t t i n g  has  been 
completed . Subrou t ine  PLTND i s  an i n t e r n a l  SC-4060 p l o t  c a l l .  
L i e  re : I A  is an i n d i c a t o r  a r r a y  of a c t u a l  node numbers 
p rep rocessed  by s u b r o u t i n e  C0MPAR 
TM1 is a time-temperature m a t r i x  a r r a y *  
TM2 is a t i m e - t e m p e r a t ~ r e  m a t r i x  a r r a y *  
* Refer  t o  page A . 6 - 1 ,  Rer'erence 3 f o r  m a t r i x  format ( f i r s t  
column is t ime)  
TABLE B-7 EXAMPLE OF INPUT FVR SUBROUTINE KALQ)BS 
NASA/MSC MASS SPECTRDFETER MODEL, COMPLETE TEMPERATURE MEASUREMENTS 
38 SOFT CAPACITORS, 12 SOFT H&AT SOURCES, & 42 SOFT CONDUCTORS 
BCD 3NODE DATA 
(For data refer to  Table D-4) 
BCD 3CONDUCTOK DATA 
(For data refer to Table Ib5) 
BC3 3CONSTANTS DATA 
(For constants data refer tc Table It6 except for those shown below) 
991200 S ~ E ~ ~ u R @ A T I O N  FFAcTOR, 100% PERTURBATION OF PARAMETERS 
~ 0 ~ ~ 1 ~ ~ @ ~ 0 6 ~ 2 ~ 0 ~ 7 0 ~ ~ 3 * 0 ~ 7 0 8 ~ ~ ~ 0 ~ ~ ~ ~ ~ 2 ~ 0 t 7 ~ 2 ~ 3 ~ ~ 0 ~ ~ 3 ~ ~ ~ ~ @ ~ ~ 4 @ ~ ~ ~  
7 2 S 8 3 a Q t 7 2 6 t  100,748,2rQB7bl~3,0 $ M)R SOURCE DATA 
EN0 
. 
BCD 3ARRAY DATA 
(For array data reft*r to Table P 6  except for those shown below) 
TkBLE B-i  ( C o n t  .) 
7 2 f M L ~ S U H E D  T E " P ~ R A T u Y L  N O O L S  kBR PRiiTMI 
S ~ ~ c 7 ~ 8 e 2 1 , ~ ? ~ 2 ~ , 2 ~ , 2 5 , 2 6 , 3 9 ~ 2 7 ~ 2 8 , 2 9 t ~ S , q ~ , ~ 7 ~ ~ 8 ~ ~ 9  
5 1 ~ ~ 2 , 5 3 i ~ 4 ~ ~ 1 , ~ 3 , 6 7 ~ ~ I ~ 8 2 , & 3 , C I Y ~ 8 5 ~ & 6 , 8 7 , ~ 8 ~ 8 9 @ 9 d ~ v i ~ 9 2  
1 * 2 , 3 m ~ ~ 7 1 , 7 2 , 7 ~ , 7 ~ , 7 ~ , 7 6 , 7 7 ~ 7 8 ~ 7 9 , 8 0 , E N ~  
7  3 5 C A ~ A C  7 9 d  hrrMBEIt5  FOR KhLOBS 
5 8 6 , 7 , 8 # 2 1 , 2 2 8 2 3 ~ 2 ~ , 2 ~ , 2 6 ~ 3 9 , 2 ~ 5 , ~ 4 & , 4 ? 8 Y ~ * Y 9 t 5 1 # 5 i , S 3 ~ 5 9  
6 1 ~ 6 ~ , ~ 7 ~ 8 1 , W Z , b 3 , H 4 , ~ ~ 5 ~ d 6 ~ b 7 ~ 8 d ~ ~ ~ ~ 9 ( 3 ~ 9 l t 9 2 t E ~ ~  
7 4 s P A H A M E T E R  ~ J ~ - M ~ E Y S  FOR PKVRfI 
S # ~ , 7 , 8 ~ Z l t ~ 2 ~ 2 3 ~ 2 4 , 2 b , 2 6 t 3 9 t 2 7 t 2 R ~ 2 9 ~ 4 5 , 4 ~ ~ 4 7 ~ ~ @ ~ ~ 9 ~ 5 1 * b 2 ~ 5 3 ~ S 4  
6 1 ~ 6 3 ~ 6 7 , @ l , b 2 , ~ 3 , 8 q ~ ~ 5 ~ $ 6 , 8 7 ~ 8 ~ ~ ~ ~ ~ 9 0 ~ 9 1  1 CAPS 
S O U R C E S  
1 f i 2 , 3 ~ 4 ~ ~ ~ 6 1 7 ~ 8 , 9 , 1 ~ , l l ~ ~ 2 , 1 3 , 1 4 ~ I S ~ 1 t ~ ! ~ m ~ Y ~ 2 0 ~ ~ O ~ ~ 1 ~ Y 2 ~ ~ ~ ~ ~ ~ ~ ~ ~  
~ b ~ f 7 , Y 8 , ~ 9 , 5 0 , 5 1 , 5 2 , 5 3 , S . 1 , S b , 7 3 ~ 7 ~ e 7 5 ~ 8 l ~  + CON05 
~ ~ B S P A C E B  l s r : , t N r l  $ SPACE FOR ORIGINAL PARkXETERS 
7 6 . 5 P A C L m  I S C , ~ N I I  $ SPACE V R  PERTURBED PAWIETERS 
7 7 e ~ P A C t t 1 ~ 3 , L N l i  $ SPACL rT)R CORECTED PARAMETERS 
I ~ B s P A C E , ~ ~ C , E N D  
7 9 ~ j P A C ~ r l ~ ~ , ~ h ~  
B ~ * S P A C E , I ~ , F ~ D  
~ Z B S P A C E * ~ Z , E ~ J O  $ S P A C E  R R I N I T I A L T E M P E R A T U R E S  
8 3 8 s P A C E t 5 , F o $ SPACE FOR TEMPERATURES WITH ORIGINAL PARAMETER VALUES 
8 4 # SP A C  L 5 2 , E N i )  $ SPACE FOR TEMPERkTtTRES WITH PERTURBS3 PARAIETER VALUES 
t15 e S P A C E  a 5 2 ,  END $ SPACE FOR TEFPERATURES WITH CORRECTED P A W T E K  VALUES 
8 6 * 3 f , S J , S ~ ~ c E , l 6 4 3 , E ' + i )  $ SPACE FORTIME-TEWERATURE MATRIX 
B ? B S P A < E ~ S Z , E ~ D  
8 C  ,?PACk t 5 2  a E N O  
= : ' , 'a; CL, lSf l ,EfqD 
' r i ' t ; : .  ; ' f E , f i . 2 , E h G  
3 ?  ~6.16#7,8,21~2~,23,24,25,26,4tjt4l ,€NLi S O F T  S0uRcL.S FOR KALQBS 
Q: S ( , F ~  C O N D L J C ~  O R S  EDR K A ~ ~ B S  
~ ~ 2 ~ 3 ~ 9 s ~ ~ 6 , 7 e 8 , 9 ~ l C , 1 ~ ~ ~ 2 ~ l 3 ~ j 4 ~ 1 5 ~ 1 ~ ~ 1 8 ~ ~ 9 e 2 0 ~ 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 ~ ~ ~ ~ 9 5  
~ 6 # ~ 7 ~ 4 8 ~ 4 9 ~ ~ 0 , 5 1 t S z p ~ 3 e 5 ~ , 5 S , 7 3 ~ 7 r ( ~ 7 S ~ ~ 0 ~ ~ l ~ 8 2 ~ 8 ~ ~ ~ ~ ~  
9 6 # 8 7 t l s S P ~ ~ ~ e 4 ?  
@7-~#*S-S,*7-5,,5-5,2*-7,2*-7,2.-7,2@-7t3*-7 , 3 * - 7  
30-7,3@~7,~6-6,,5-6,j*-I,~5-6,Jv-7,4*~783m-7,*1~7 
@ 1 - 7 8 @ l m 7 t * 1 - 7  , ~ ~ - ~ 2 , ~ ~ - ~ ~ , ~ e - ~ ~ 0 7 ~ - ~ ~ ~ 3 . - ~ ~ s s m - ~ r , 3 ~ - ~ 4  
~ ~ ~ ~ 4 ~ 3 * m ~ ~ , ~ * - ~ 4 ~ 4 ~ - l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ 3 ~ ~ ~ ~ ~ 3 * ~ l ~ ~ 3 * ~ ~ ~ s 3 ~ ~ ~ ~  
3 r ~ 1 4 ~ 3 * ' 1 4 , 3 @ - 1 4 ~ 1 ~ - 1 b , 1 * - 1 5 ~ ~ N ~  
97  # S P A C E  8 5 4  ,rli3 
98 $ LABELS FOR PRNTMI 
8 C O  4 NOOE N U H B E K  
B C O  q o R I G I ~ ~ L  T E K P E R A T ~ J N C  
8 c D  r P E R T U R M G  ~ E M P I R A T U H E  
e c o  4 K A L O ~ S  T E M P  C O Y H  
END 
9 9 $ LABELS M R  PRZJTMI 
B C D  4  C A P A C I T O R  ~ ~ M R L H  
8 C O  4 SOURCE I . (uMC€R 
B C O  q O R I C I ~ ~ A L  V A L U E <  
E C O  4 P E R f l ! H 8 E D  vA1 .g~:  
BCD 4 K A , O B S  C O R R E C T  I C ~ N ~ ;  
6CO 4 P ~ R c E N T A G E  O F F  
8 C O  4 C ~ N D U C T O R  K u P O E R  
END 
TABLE B-7 (Cont.) 
BCo ~ E x L C U T ~ O N  
o ~ ~ E c S I O N  X ( 2 ~ 0 0 0 )  
NOth  rn 25000 
NTH r 0 
OUTPUT 6 0 a 0  
T I ~ E N D  1 8 0 0 0 0  
l P R  1  NT 
6 P R t N t  
S H f T V ( 5 2 0 t s ~ ~ 8 2 1  s SAVE I N l t t A C  TEHPERATUR€S 
S H F T V ( ~ ~ O C S , & ~ S )  $ SAVE ORIGINAL PARMETERS 
S H F T Y ( 1 2 ~ K 7 0 s m A 7 5 ~ 3 8 1  $ n 
S H F t V ( 1 V ~ C l . ~ 7 5 + 5 0 )  $ o 
S H F T V ( ~ ~ @ K Q O , A ~ S + ~ V )  $ m 
CNFRDL S OBTAIN SINULATEO TEST DATA 
S H F T V ( S Z O T S . ~ ~ ~ )  s SAVE o R ~ ~ I N A L  RESULTS 
A R Y M ~ Y I ~ @ @ C ~ ~ ~ ~ ~ . C S )  $ PERTURBED PARAMETERS 
A R Y H P Y ~ I ~ ~ K ~ Q S ~ K ~ ~ ~ K ~ C S )  
A R Y ~ Q Y i I V m 6 j ~ ~ 9 9 . 6 l )  
A R Y R P Y ( Z ~ O K ~ O ~ K ~ P ~ K Y ~ )  
S H ~ T V ( ~ ~ O C S ~ A ~ & )  $ SAVE PElU'URBED PARAXFltbS 
S ~ F ~ V ( 1 2 e K l o ~ e A 7 6 + 3 8 )  
S H F T V ( I ~ ~ L ~ ~ A ~ ~ + S O )  
S H f l u ( 2 3 m K ~ 0 ~ A 7 6 * 6 9 )  - 
s H F T Y ( ~ ~ ~ A ~ ~ , T S ~  S RESET I l t f l ~ L  T E ~ ~ E R A T U R E S  
tsnco = 0.0 
Cuf ROL S cALCu&IT€ PCUTURBEO TERPEUATURES 
S ~ F T V ~ S Z V ~ S , ~ ~ ~ ~  s SAVE PER~uRBED RESULTS 
No* CALL UPON K A L O ~ S  10 CORRECT THE PERTURBED PARJILTERS 
K ~ ~ ~ ~ S ~ ~ ~ ~ ~ ~ , ~ ~ ~ B ~ ~ ~ ~ ~ ~ ~ O A ~ ~ ~ O ~ ~ ~ B O ~ ~ @ ~ L S @ O ~ ~ ~  
S H ~ T V ( ~ @ B C S . A ~ ~ )  $ SAVE CORRECTED PARAMETERS 
S H f T V ( l 2 r K t ~ ~ m A 7 T + 3 8 )  
SHFTV(198610~77+SO)  
SHFtV(23e1Cqo,~77+69)  
S U I A R Y I A ~ ~ , A , S ~ & I ~ ~ ~ ~ ~ )  $ EVALUATE Q)RRECTION PER-AGES 
D ~ V I R Y ~ A ~ ~ O A ~ ~ ~ A ~ S ~ A ~ ~ )  
A R Y H P Y ( A ~ ~ ~ A V ~ , ~ O O . O ~ A ~ ~ )  
A R Y P C S ~ A ~ Y ~ I ~ ~ J  
P R H T H S O ~ ~ A Q ~ * ~ , A ~ ~ + ~ ~ A ~ ~ + ~ ~ ~ ~ S ~ ~ ~ V ~ ~ ~ I A ~ ~ , ~ ~ ~ + ~ ~ @ ~ ~ ~  
A99+2lmA70) $ PRINT CAPACITORS 
P R N T f l l ~ l ~ e ~ 9 ~ * S m A 7 ~ + ~ 9 s ~ ~ ' + * 9 ~ ~ 7 ~ * 3 6 ~ ~ ~ 9 ~ ~ 3 o ~ 7 ~ ~ ~ ~ @ A ~ ~ * l ~  
&77+38@A9?+21mA78+3@) $ PRINT SOURCES 
P R H T N j ( q Z m ~ ) ( + 2 5 m A 7 ~ ~ S l m ~ 9 9 + ~ B ~ 7 S * 5 ~ ~ A 9 9 * l ~ B ~ 7 6 + S O B . A * 9 * l 7  
A77+59@A99+21 e A 7 8 + ~ 0 )  $ PPJNT CONDUCTORS 
S H ~ T V { S Z B A @ ~ , ~ S )  S REStT I N ~ T I A L  TEHPERATURES 
T l f iE0  O m 0  
ARYPLS(3BmCs) $ INSURE WSLTIVE CORRECTION RESULTS 
A R V P L S ( ~ ~ , K ~ O S I  
TABLE 0-7 (Cont .) 
A R ~ P L S ( I ~ m G ~ )  
A R Y P L S ( ~ ~ , K Y Q I  
CNFROL s C ~ L C U C A T E D  C O R ~ E C T E D  TEMPERAT UIES 
s H F T v ( S ~ @ T S , A & )  s SAVE CORUECTEO RESULTS 
S U [ ~ A R Y ( A ? ~ ~ ~ ~ ~ , A ~ S ~ A ~ ? )  $OBTAIN PERCENTAGE DIFFERENCES 
A ~ ~ A O O ( A ~ ~ @ A ~ ~ @ ~ ~ Q . ~ ~ A S ~ )  S CONYEHI T O  RANICINE 
D I V A R Y ( A ~ ~ @ A ~ ~ ~ & ~ J ~ A ~ ~ )  
A R Y S U B ( A ~ ~ @ A R ~ @ ~ ~ O . O , ~ ~ ~ )  C O N V E R T  T O  F 
A R ~ ~ Q Y ~ A ~ ~ @ A ~ ? @ ~ O O ~ O , A B ~ )  
A R Y P L S ( A ~ Z , L ~ ~ )  
PRNTHI f A 7 2 @ & 9 6 +  @ A 7 2 + 1  mA~8+5~A83mA98*9*A84 ,A98+ i3mA0S 
AvV*21mA87) 
END 
BCD  VARIABLES 1 
o l o c 6 t ( f t n ~ ~ , ~ 2 3 , ~ 2 ~ )  
0 1 D ~ G l ( l l ~ E n , A ~ 1 , ? 3 ~ ~ )  
EN0 
bC0  VARIABLES 2 
END 
6 C O  30UTPuT CALLS 
t F ( t t n E O . E Q 0 0 ~ o )  CALL VAwgLZ 
T P R I N f  
'IESTNP( 1 ' 1 ~ 5 1  r 5 2 , ~ 5 8 ~  1 " € ~ @ ~ 8 6 )  $ mSTRUCT TEST HATUX 
END 
TABLE B-8 EXAMPLE O F  INPUT FOR SUBROUTINE KALFIL 
NASA/MSC MASS SPECTROkETER MODEL, 24 MEASURED TEMPERATURES 
2 SOFT CAPACITORS, 2 SOFT HEAT SOURCES & 19 SOFT CONDUCTORS 
BCD 3NODE DATA 
(For node data, refer to Table D-4) 
BCD 3SOURCE DATA 
SIT 6 ,A46 ,K706 
SIT 4 8 , A 4 5  , K 7 4 8  
SIT 6 l B A 1 6 , K 7 6 l  
SIT 2 , A 4 t S K 7 0 2  
END 
BCD 3CONDUCTOR DATA 
(For cot~ductor data, refer to  Table D-5) 
BCD 3CONSTANT DATA 
(For constants data, refer to Table D-5) 
97=0.5 $ ERROR ESTIMATE FACTOR 
9&23 $ NUMBER O F  SOFT PARAMETERS 
99=1.5 $ PERTURBATION FACTOR 
END 
BCD 3ARRAY DATA 




4 7 , 0 . 0 , 0 . 0 0 0 5 ~ 1 8 0 0 ~ 0 ~ 0 ~ ~ O ~  ,END - .  
7 A AEASURED T E ~ P E R A T U F ~ E '  NODES FOR K ~ L F  IL 
S ~ 6 ~ 7 * ~ * ~ ~ @ ~ ~ ~ 2 ~ * 2 ~ @ 2 ~ , 3 9 m ~ 9 ~ ~ ~ # ~ 6 m ~ 7 ~ ~ 8 D ~ 9 ~ 6 ~ ~ 6 ~ ~ ~ 7 .  
8 1 m 8 6 ~ 2 ~ 7 1 , 7 6 ~ € ~ 0  
7 2  s NOOE NUMBERS F O R  P R I N ~ ~ N G  R ~ S U L T S  
S a ~ ~ ~ ~ 8 ~ ~ 1 ~ 2 2 * 2 3 ~ 2 Y ~ 2 5 , 2 6 , 3 9 ~ 2 7 ~ 2 8 ~ 2 V ~ Y S ~ ~ 6 ~ ~ 7 ~ ~ 8 ~ ~ 9  
51@S2t53@S4m61r63*67~al~82,83,8~~85m86~87~~8~~9~9O~9lm92 
1 @ 2 ~ 3 # * , ~ l a 7 ~ @ 7 3 m 7 ~ , 7 ~ ~ 7 6 ~ 7 7 ~ 7 8 ~ 7 9 m 8 0 ~ ~ N ~  
73 CAQAC~TOU NUfleERS FOR KALFIL  
3 9 ~ 6 1  DEN0 
7 q  CAPACITOR NUH6ERS FOP PRNTNI  
3 9 ~ 6 1  BENO 
~SDSPACE~ISO,END S SPACE FOR O R I G I N A L  PARAHETER VALUES 
~~,SPACEDISO,END 8 SPACE FOR PERTURBED PARAMETER VALUES 
~ ~ D s P A C E ~ ~ S O , E N O  I SPACE FOR CORRECTED PAHAMETER VALUES 
~ ~ D S P A C € ~ I S O , ~ N D  s SPACE FOR PERCENTAGE OFF 
B Z ~ S P A C E ~ ~ ~ D E N D  S W A X €  FOR INITIAL TEHPERATURES 
~ ~ D S P A C E ~ S ~ D E N D  S SPACE F O R  ORIGINhC ~EHPERATURC RESULTS 
B Y ~ S P A C E D S ~ D E N D  S SPACE FOR PERTURBED TEHPERATURE RESULTS 
~ S ~ S P A C ~ B S ~ ~ E ~ D  S SPACE FOR CORRECTED TEnP~RATURE RESULTS 
8 6 0 2 l ~ Z s r S P A ~ ~ m 5 2 5 , ~ ~ D  s SPACE F-OR TIME-TEMPERATURE MATRIX 
~ ~ ~ S P A C E ~ S ~ D E N O  S SPACE FOR TENP PERCENTACQ OFF 
TABLE B-8 (Cont.) 
9 1 SOFT SOURCE NUHBERS FOH K A C F l L  
6eSBeENo  
92 s SOFT S O U R C E  N U H ~ E R S  FOR PHt4THl 
6 e 4 0 e E N D  
93 s SOFT CONbUCTOR NUMBERS F O R  K A L F l l  
1 ~ @ 1 ~ e ~ ~ * ~ 0 e 4 ~ e 4 ~ e ~ ~ e ~ ~ e S 3 e ~ ~ e ~ O @ 1 l 3 e ~ 1 ~ e 2 ~ ~ e 2 2 O ~ ~ ~ ~ ~ ~ ~ S ~ 5 4 2 e ~ ~ 5 ~ E ~ ~ ~  
9 4  5 SOFT C O ~ D U C ~ O R  hUI4t)EttS F O R  eRNfh1 
1 5 8  1 6 # 2 0 @ 4 0 8 4 1  e 4 2 e ~ 3 e * J 9 e S 3 e 7 3 e 8 0 , 1  138 t 1 5 ~ 2 ~ ~ ~ 2 2 0 ~ ~ 3 0 e 3 3 ~ ~ 5 6 2 e ~ ~ ~ ~ E ~ ~  
~ S ~ S P A C E B ~ S ~ E N D  S SPACE FOR T I H E  S L I C L  TEHCERATURLS 
9 6 e T t # l t ~ P A C E t Z 4  S SPACE FOR N O I S E  E S T I H A T k  
S P A C ~ ~ ~ ~ E ~ O  SFACC FOR SICMA SQUARE E S ~ I H A T E S  
98 
eco r NODE NUMBEU 
8 C i J  q O R ~ G I N A L  TEI~PERAT LIRE 
8 C O  4 PERTUHBEO TEMPERATURE 
6c0 q KALF I L  TEMP COAR 
END 
99 
b C 0  4 C A P A C ~ ~ O R  kuHBER 
6 ~ 3  4 SOUHCE ru~neca 
8 C O  4 CONDUCTOR NUMBER 
0C3 y O R I G I ~ ~ A L  VALUES 
8 C 3  r PERTURBED VALUE!, 
6C3 4 ICALF IL CORRECT 1 . 0 ~ ~  
BCO q PERCENTAGE OFF 
E N 0  
END 
0co ~ C X ~ C U T I U N  
W T A L I Z E  CONTROL CONSTANTS AND D ~ N A H I C  STORAGE A R R A Y  
D l H E h s I O h  ~ ( 3 5 0 0 0 )  
h o l H  - 35000 . 
t u n  - 0 
OUTPUT 60.0 
T I H E N 0  * 12OQ10 
TPR I NT 
CQR l NT 
Q I P R N T  
GPR I CvT 
S ~ ~ S Q S ( ~ ~ O ~ ~ ~ ~ ~ A ~ ~ + ~ )  s SET ~ N I T I A L  NOISE E s f I n r T ~ s  
C O N S ~ R U C T  ERROR E s T i n A t E S  SQUARED 
0 L O A R ~ ( A 7 S e C ~ 9 e C 6 1 )  S I N I T I A L  C VELUES 
B L O A R Y ( A ~ ~ + ~ , Q ~ , Q ~ ~ )  S IhSTlAL Q V ~ L U E S  
~ ~ ~ A R Y ( A ~ ~ + ~ ~ ~ ~ ~ ~ G ~ ~ ~ G ~ Q ~ G ~ ~ ~ G ~ I ~ G ~ ~ ~ G Y ~ ~ G ~ ~ ~ G S ~ ~ ~ ~ ~ ~ ~ ~ O  
~ l l 3 e ~ 1 1 5 e ~ 2 1 S e ~ ~ 2 ~ e 6 3 3 0 ~ ~ 3 3 4 , G 5 6 2 ~ ~ 6 0 5 ~ S  I N I T I A L  G * S  
A R Y ~ P Y ( K ~ ~ ~ ~ ~ S ~ K ~ ~ , A ~ ~ )  FACTOR I N  THE E R R O R  EsTIflATE FACTOR 
~ P y A R Y ( K 9 8 e A 7 S e A 7 S e ~ 7 5 )  8 SQUARE THE ERROR EST IMATE 
S H F l ~ ( K 9 8 e A 7 5 e ~ 9 6 + 2 7 )  STORE I T  I h  TdE P R O P E R ' A R R A Y  
S H F T V ( ~ Z ~ T S ~ A ~ Z )  s SAVE I N I T I A L  T E ~ P E R A T U R E S  
~ ~ ~ A R Y ( A ~ S , C J ~ ~ C ~ ~ )  s SAVE I ~ ~ ~ I A L  C V A L U E S  
~ L D A R Y ( A ~ s + ~ , K ~ o ~ ~ K ~ ~ ~ )  s SAVE I N I T I A L  Q FACTORS 
~ ~ ~ ~ R ~ ( ~ ~ ~ + r , ~ 1 ~ ~ C ~ 6 ~ ~ ~ ~ ) , K 4 O ~ K q 1 ~ u ~ 2 , K r 3 ~ K ~ 9 , K 5 3 t ~ 7 3 ~ K 8 O  
~ I ~ ~ ~ C I A ~ , K Z ~ S , K ~ ~ G , G ~ ~ ~ ~ G ~ ~ ' I , K S ~ ~ , K ~ ~ ~ I  I N I T I A L  68s 
TABLE B-8 (Cont . ) 
THE FOLLOWING SCALE CARDS PERTURB THE SOFT PARAMETERS 
s C A L E ( K ~ ~ B C ~ ~ B C J ~ B C ~ ~ # C ~ ~ )  S PERTURB S O F T  C I S  
S C A L ~ ( K 9 9 # ~ 7 0 6 ~ k 7 O 6 # ~ 7 ~ 8 ~ ~ 7 4 8 )  PERTURB SOFr  Q FACTORS 
S C ~ L ~ ( K ~ ~ # G ~ O B G ~ O # K ~ O # K ~ O ~ ~ ~ ~ ~ K ~ ~ ~ K ~ L B K Y ~ ~ K ~ ~ ~ K ~ ~ @ K ~ ~ ~ K ~ ~  
K S ~ ~ ~ ~ 3 ~ ~ 7 3 ~ ~ 7 3 ~ 6 1 1 3 ~ ~ 1 1 3 t ~ 3 3 0 ~ ~ 3 3 0 ~ ~ 3 3 ~ ~ ~ 3 ~ ~  
K ~ C ~ S ~ K ~ O S )  s PERTURB SOFT 6 F ~ C T O R S  OR VALUES 
S C ~ L ~ ( K ~ ~ ~ G I S B ~ A S B G ~ ~ ~ G ~ ~ ~ ~ ~ O ~ K ~ O ~ G ~ ~ S B G ] ~ S B U ~ ~ S B K ~ I ~  
K 2 Z O , k 2 2 0 , ~ 5 6 2 , ~ 5 6 2 )  S PERTURB MORE SOFT G e S  
P L O A R Y ( A ~ ~ @ C J ~ ~ C ~ ~ )  % S A V E  PERTURBED c VALUES 
B L O A R Y ( A ~ ~ + Z , K ~ O ~ B K ~ ~ & I  S SAVE QERTuRBEo Q FACTORS 
B L ~ A ~ Y ( ~ ~ ~ + ~ ~ ~ I S B G ~ ~ ~ G ~ ~ ~ ~ K ~ O ~ K ~ ~ ~ K Y ~ ~ K ~ ~ ~ K ~ ~ ~ K ~ ~ ~ ~ ~ ~ ~ K ~ O  
~ ~ A 3 ~ 6 ~ A ~ ~ ~ 2 1 5 ~ ~ 2 2 ~ 1 6 3 3 0 , 6 3 3 4 ~ ~ S b ~ ~ ~ ~ ~ 5 )  PEHTUhB G e S  
s H F T V ( S ~ ~ A ~ ~ , ~ S I  s RESET INITIAL TEMPERATURES 
- TtHEO 0.0 
CNFRDL S CALCULATE PERTURBED TEMPERATURES 
S H F T V ( S ~ B T S # A ~ S )  S SAVE PERTuHBED RESULTS 
SHFTV(SZ tA82 ,TS)  s RESET I N I T I A L  T E H P E R A T U R ~ S  
TIMEC = 0.0  
J T E S f  - 1 
CNFCiDL NO* PEHFORH THE KALF"  CORRECTION eASS 
BLDARY(A77,C39,c61)  S S A V E  cORRCCTEO C VALUES 
B L D A R Y ( A ~ ~ + z ~ K ~ G ~ ~ K ~ Y B )  S SAVE CORRECTED Q FACTORS 
B L ~ ~ R Y ( ~ ~ ~ ~ Y ~ ~ I S B G ~ ~ ~ ~ ~ O ~ K ~ ~ B ~ ~ ~ B K ~ ~ ~ K ~ ~ ~ K ~ ~ , K ~ ~ B K ~ ~ ~ U ~ O  
~ ~ ~ ~ ~ G ~ I s ~ K z ~ s ~ K ~ z ~ ~ G ~ ~ o ~ ~ ~ ~ Y ~ K ~ ~ ~ ~ K ~ o s I  COWECTEO 6's 
S ~ B A R Y ( K ~ ~ , A ~ ~ ~ A ~ S , A I ~ )  S OBT IN CORR~CTION D ~ F F L R E N C E  
D I v A R v ( ~ 9 8 B A 7 8 # & 7 S , A 7 i )  S C O N V E ~ T  T O  PERCENTAGE 
A R Y ~ P Y ~ K ~ ~ B A ~ ~ B ~ O O ~ O , A ~ ~ )  
Q R N I ~ I ( A 7 4 # ~ 9 9 + 1 ~ A 7 ~ + 1 ~ ~ 9 9 + ~ 3 m ~ 7 5 ~ ~ 9 9 * ~ 7 ~ A 7 6 ~ A 9 9 + ~ ~ ~ ~ 7 ~  
A 9 9 + 2 5 # A t 8 )  s P H I h T  CAPACiTOR DATA 
PRNT"f1 ( A 9 2 #  A 9 9 + 5 # A 9 2 +  I # ~ 9 9 + 1 3 m ~ 7 5 + 2 # A 9 9 *  1 7  # A 7 6 + 2  
A 9 9 + 2 1 t A 7 7 + 2 # A 9 9 + 2 5 # ~ 7 8 + 2 )  $ PRINT SOURCE DATA 
Q R N T ~ I ( A 9 4 # ~ 9 9 + 9 # A 9 q + 1 , ~ 9 9 * 1 3 # ~ ' I S + ~ , ~ 9 9 * ~ 7 , A 7 6 + 4  
A 9 9 + 2 1  ~ A 7 7 + q  B A V 9 + 2 5 ~ A 7 8 * Y  I S P R I N T  CONOUCTOR DATA 
S H F T v ( 5 2 # A 8 t e T 5 )  S RESET I N I T I b L  T E H ~ E R A T U R E S  
T I M E 0  - 010 
J T E S t  = 0 
S ~ T P L S ( C ~ ~ # C ~ I ~ K ~ ~ ~ ~ K ~ ~ ~ ~ G Z O B K ~ O # K ~ ~ ~ K ~ Z ~ K ~ ~ ~ K ~ ~ # K ~ ~ ~ K ~ ~  
f l l 3 # ~ 3 3 ~ , G 3 3 ~ # ~ 6 0 5 )  S INSURE POSITIVE CORREC~IONS 
- S f ~ P L S ( ~ 1 ~ m ~ 1 6 , ~ 8 0 ~ ~ 1 1 5 ~ ~ 2 1 5 ~ K 2 2 0 ~ ~ 5 b 2 )  
CNFROL s CALCULATE CORRECTED TEMPERATURES 
S H F T V ( S ~ ~ T S # A B S )  s SAVE CORRECTED RESULTS 
S U B A R Y ( A ~ ~ # A ~ S # A ~ ~ ~ A ~ ~ )  5 O B T A I N  CORRECTION DIFFERENCE 
. A R Y A D ~ ( A ~ ~ I A ~ ~ ~ ~ ( ~ O ~ O ~ A ~ ~ )  S C NVERT TO R A N K I N E  
O I v A R Y ( A 7 2 # ~ 8 7 # ~ 8 3 ~ A 8 7 )  S CONVERT T O   PERCENTAGE^ RANKINE B A S E  
A R V S U 6 ( A 7 ~ e ~ & 3 # 4 6 0 e ~ B A 8 3 )  f CONVERt 10 F 
A R Y k P Y ( A 7 2 1 ~ 8 7 ~ 1 0 0 e 0 ~ ~ 8 7 1  
~ R N T H I ( A 7 2 r ~ 9 8 + 1 # A 7 2 + l # ~ 9 8 + 5 ~ A 8 3 ~ A 9 8 + 9 t A 8 4 ~ A ~ 8 + ~ 3 ~ A 8 S  
A 9 9 + 2 5 # A 8 7 )  S PRINT  TEHPERATuRE D A T A  
END 
T A B U  B-8 (Cont.) 
aCo : V A ~ I A ~ L E S  I 
O10E.G1 ( T I H € ~ ~ # A ~ O ~ T Z O O I  
~ 1 0 € G 1 ( T I ~ E H # A Z l # f 3 0 0 !  
LNO 
B C O   VARIABLES 2 
CALL K A L F I L  ON THE C O R R L C T ~ O N  P A S S  ONLY 
I F ( J T E S T e E Q . O )  R E T U R N  
U A L F 1 L ( O # A 7 1 , A 7 3 m A 9 1 , r 9 3 m A 8 6 8 ~ 9 6 )  
EN0 
aco ~ o u r P u r  C A L L S  
F O L L O W I N G  CARD INSURES K A L F I L  CALL f C R  T f M E  010 
l F ( t l ~ € O , E Q e O e 0 )  CALL VARBL2 
T P R I h T  
B U I L D  t I M E - T k ~ P  MATRIX ON F I R S T  PASS ONLY 
I F I ~ T E S T ~ C E ~ Z ~ )  R E T U ~ N  
B L O A R Y ( A ~ ~ ~ T S ~ T ~ B T ~ ~ ~ ~ ~ T ~ ~ # T ~ ~ ~ T Z ~ ~ T ~ Y # T ~ ~ ~ T ~ ~ ~ ~ ~ ~ # " S ~ ~ ~ '  
~ Y 7 # T 4 8 # ~ 4 V , ~ 6 1 ~ T 6 3 m T ~ 7 ~ ~ ~ 1 ~ ~ ~ ~ # ~ 2 m ~ 7 1 ~ f 7 ~ )  
T E S T ~ P ( ~ ~ ~ S T ~ ~ S # A V ~ # T I ~ ~ ~ # A ~ ~ )  I B U I L D  TIHE-TEnP ~ A ~ R I . ~  
END 
C. STEP (SENSITIVITY TEMPERATURE ERROR PROGRAM) 
C. 1 Introduction 
Subroutine STEP (Sensitivity-Temperature Error Program) generates 
s t a t i c  s e n s i t i v i t y  c o e f f i c i e n t s  t h a t  may be used t o  a s se s s  t he  r e l a t i v e  
parameter e f f e c t s  on a spec i f ied  temperature o r  t o  assess  t h e  uncer ta inty  
of a given temperature. Theoret ical  development is reported elsewhere,* 
but  b r i e f l y  STEP is based upon a de r iva t ive  operat ion on t h e  steady s t a t e  
hea t  balance equations. 
. 
where : Qi is t h e  n e t  hea t  input  t o  t he  i t h  node 
a is t he  c o e f f i c i e n t  f o r  conduction and/or convection 
i j 
b 
i j is t h e  c o e f f i c i e n t  f o r  r ad i a t i on  exchange -
p is the  sum of n va r i ab l e  and p-n f ixed  temperatures 
The d e r i v a t i v e  operat ion is conducted i n  terms of Q a * . ,  b i' ij i j '  
and T. ( j>n)  and is expressed in matrix form; t h e  so lu t ion  of matr ix  J 
equations y i e l d s  t h e  s e n s i t i v i t y  c c e f f i c i e n t s  
A. 
- , f o r  k = l,.. .,n 
sake a = k+i,.. . ,p  
I 
- , f o r  i = l , . , . ,n 
a b ~ k  k = l , . . . ,n 
I 
- , for i = 1, ..., n 
a%, k = 1, ..., n 
I 
- , f o r  i = l , . . . ,n  
a P ~  k = l,...,n 
aTi 
- 
, f o r  i = 1, ..., n 
aT, (C-6) 
k = n+l,. .  . , p  
* Ishimoto, T. and Bevans, J. T., "Temperature Variance i n  Spacecraft  Thermal 
Analysis," J. of Spacecraft ,  Vol. 3, No. 11, pp 1372-1376, November 1968. 
The sensitivity coefficients indicated by equations (C-2) through 
(C-6) are employed to generate temperature deviation expressions. 
Random Temperature Deviation 
The temperature deviation in the random sense, (bTi), may be 
expressed as: 
Linear Algebraic Temperature Deviation 
If the parameter perturbations are deterministic, then the 
temperature variations should be based upan the algebraic sum of the 
individual parameter perturbation effects. If (ATi), represents the 
linear algebraic temperature deviation, the expression is written as: 
S = 1,2, ...,n 
Linear Absolute Temperature Deviation 
If a worst-case temperature deviation is desired, the partial 
derivatives and the individual parameter perturbations are evaluated in an 
"absolute" sense. If (ATi)ab represents the linear absolute temperature 
deviation, the expression is written as: 
C. 2 STEP User ' s  Di rec t ions*  
C.2.1 FUBROUTINE NAME: STEP 
C.2.2 PURPOSE 
C.2.2.1 For genera t ing  s t a t i c  s e n s i t i v i t y  c o e f f i c i e n t s  wi th  r e s p e c t  t o  
a bke, Qk, and Tk ( f o r  boundary nodes).  
C.2.2.2 For genera t ing  temperature d e v i a t i o n  i n  t h e  r o o t  mean square  




C.2.3.1 CINDSL must be  c a l l e d  be fo re  STEP is c a l l e d  s i n c e  t h e  long pseudo 
compute sequence and t h e  a r r a y s  con ta in ing  tempera tures ,  
conductance, and h e a t i n g  rates a r e  u t i l i z e d .  
C.2.3.2 P a r a l l e l  l i n e a r  o r  p a r a l l e l  r a d i a t i o n  conductors  are n o t  
permi t ted .  
C.2.3.3 A 1  and A2 must be p o s i t i v e  a r r a y s .  
C.2.3.4 . The maximum number of nodes ( d i f f u s i o n  p lus  a r i t h m e t i c )  t h a t  
can b e  accommodated is approximately 200, 
C. 2.4 CALLING SEQUENCE 
11,. 2.4.1 STEP (A1 (IC) ,A2 (IC) ) 
where: A 1  is an a r r a y  of p r i n t  s p e c i f i c a t i o n s  
A2 is an  a r r a y  of v a r i a n c e  s p e c i f i c a t i o n s .  
C.2.4.2 Format, A 1  and A2 
IC,PC,Op,Op, ..., Op,PC,Op, ..., END 
where: I C  is t h e  t a b l e  number 
PC is a parameter code (Refer t o  Table (C-1)) 
Op is an  o p t i o n  ( f o r  Al, r e f e r  t o  Table (C-2); f o r  
A2 m f e r  t o  Table (C-3) 
NOTES 
7 
C.2.5.1 This  s u b r o u t i n e  r e q u i r e s  N- + P l o c a t i o n s  of dynamic s t o r a g e .  
N is  t h e  sum of d i f f u s i o n  and a r i t h m t i c  nodes (non boundary 
*Direc t ions  a r e  used i n  conjunct  ion  wi th  t h e  i n s t r u c t  i ~ n s  contained i n  
t h e  SINDA Users Manual (Reference 3). 
nodes) and P i s  t h e  t o t a l  number of nodes ( d i f f u s i o n  p lus  
boundary nodes).  
C.2.5.2 In Table C-2, f o r  t h e  op t ion  des ignated  by NODE, approximately 
100 node numbers may be  s p e c i f i e d .  
C.2.5.3 I n  Table C-3, approximately 35 i n d i v i d u a l  va r i ances  may be 
s p e c i f i e d ,  n o t  i n c l u d i n g  those  genera ted  under op t ion  ALL. 
C.2.5.4 Based upon a number of models ranging from 30 t o  164 nodes, t h e  
s o l u t i o n  time can b e  es t imated  i n  a very approximate sense  by, 
n 2 So lu t ion  t i m e  (minutes) = 112 (=) 
where n is t h e  number of nodes ( d i f f u s i o n  p lus  a r i t h m e t i c )  
C.2.6 ILLUSTRATIVE STEP INPUT 
The STEP inpu t  i t s e l f  is i l l u s t r a t e d  d i r e c t l y  below and i n  
Table C-4, b u t  i t  should b e  noted t h a t  STEP r e q u i r e s  SINDA inpu t  
c o n s i d e r a t i o n s  as repor ted  i n  Reference 3. 
, . 





C.2.6-2 Array A2 2,A,ALL,.l,B,ALL,1,.1,3,4,.05 
Q,ALL,.O8,2,.1,4,.1,CONT,ALL,.05,END 
C.2.6.3 Note t'hat t h e  node numbers s p e c i f i e d  a r e  a c t ~ a l ,  n o t  r e l a t i v e  
numbers. 
C.2.7 FLOW DIAGRAM 
A f low diagram of t h e  major l o g i c  f o r  t h e  STEP subrou t ine  is 













Linear  conductors  
Radia t ion  conductors  
Source terms (heat ing  r a t e s )  
Constant temperatures 
This  is no t  a  parameter,  but  r a t h e r  a 
s i g n a l  t o  t h e  program t o  c a l c u l a t e  and 
p r i n t  t h e  t h r e e  types  of dev ia t ion .  Use 
i n  a r r a y  A l  oaly.  Options i n  Table C-2 










NODE, il , i2,.  . 
EXPLANATION OF OPTIONS 
. . 
The parameters  and v a r i a n c e  p r i n t e d  
A l l  s e n s i t i v i t y  c o e i f i c i e n t s  m u l t i p l i e d  by t h e  
parameter v a r i a n c e  a r e  p r i n t e d .  
S e n s i t i v i t y  coeff  i c i e o t s  (not  m u l t i p l i e d  by 
parameter va r i ance)  a r e  p r i n t e d .  . 
S e n s i t i v i t y  coef i - c i e n t s  mul t ip led  by parameter 
v a r i a n c e  a r e  p r i n t e d ;  t h i s  o p t i o n  need b e  used 
only i n  conjunct ion  wi th  t h e  o p t i o n  PURE. 
Both o u t p u t s  under PURE acd DELTA are p r i n t e d .  
Each s c t  of ou tpu t  c a l l e d  by ALL o r  PiJRE i s  
ar ranged by t h e  magaitude of a l g e b r a i c  va lues  
from t h e  l a r g e s t  t o  t h e  smal les t .  
Each s e t  of output  c a l l e d  by ALL o r  PURE is  
ar ranged by t h e  magnitude of a b s o l u t e  v a l u e s  from 
t h e  l a r g e s t  t o  t h e  s m a l l e s t .  
- Output a s  c a l l e d  by ALL o r  PURE is l i m i t e d  by t h e  
p r i n t  l i m i t i n g  m u l t i p l i e r ,  n. The s e n s i t i v i t y  
c o e f f i c i e n t ,  - dT, i s  n o t  p r i n t e d  i f  
dP 
I dT 19jcn,,1 ...
The s e n s i t i v i t y  c o e f f i c i e n t s  f o r  t h e  s p e c i f i e d  








EXPLANATION OF OPTIONS 
This option applies to parameter 
codes Q and COXT only. The 
variance will be conputed from the 
relationship 
variance of parameters = n (value 
of parameter) 
unless exceptions denoted by 
'1s"1,~2*~2,.".~,~k 
are specified, ik is the node 
number and q is the factor 
def;' .ed in tne same manner as n. 
This 2ption applies to parameter 
codes A and B only. It is similar 
to the option above except that the 
user aust supply the adjoining node 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SETUP CALCULXTIQS FLAGS 
FMM PRINT ARMY 
THE BETA K I T R I X  
I WRITE BETA IKi.'ERSE @N D R W ,  BY Rd7S 
START LC@? TO C9!.3L'TE 
PARA?!ETER DERIVATIVES 
)READ TEE ITH R@W flF I I BETA I:.1.EWE El$:-; I 
6 
CflFPUTE DERIVATIVES ; SC! 
AXD/@R PRIXT AS RE2VfSTED 
w A 
+ 
C@?'SCTE DERIVATIVES ; SLT-1 
AliD/Bn PRILT AS REQUESTED 
I 
D 
CflXPUTE DERIVATIVES ; SL7.i 
AND/@R P R I h T  AS REqUESTZD 
Note: N number of 
variable tenpera- 
ture nodes. 
FIGURE C-1. FLOV DIAGRAM OF MAJOR LOGIC 
DESCRIPTION OF ?rlERNAL MODELS USED I N  THE EVALUATION OF PARAMETER 
CORRECTION TECHNIQUE 
Three thermal models were used i n  t h e  eva lua t ion  of t h e  thermal  
network c o r r e c t i o n  method. Both t h e  TRW Systems "50-node" model and t h e  
NASA/MSC f u n t i s h e d  "50-node" model provided sys terns eva lua t ion  of t h e  
c o r r e c t i o n  technique  a s  w e l l  as accuracy evaluat ion .  The l a r g e  "500-node" 
model fu rn i shed  by NASA/MSC provided f o r  t h e  demonstrat ion of network s i z e  
on t h e  c o r r e c t i o n  method. Descr ip t ion  of t h e s e  models are i n  t h e  main l i m i t e d  
t o  nodal  and conductor  c h a r a c t e r i s t i c s  as l i s t e d  on t h e  computer p r i n t o u t s  
i n  t h e  SINDA format;  3r d i scuss ion  on SINDA format r e f e r  t o  Reference 3- 
D. 1 TRW Systems "50-~\Jode" I3 Antenna Model 
A schematic  of t h i s  model wi th  t h e  nodal  l o c a t i o n s  and desc r ip -  
t i o n s  is  found i n  Figure  D-1. This  model r e p r e s e n t s  a n  antenna  reg ion  of t h e  
13 satel l i te .  On page D-4 is t a b u l a t e d  t h e  node d a t a  c h a r a c t i s t i c s  wi th  
t h e  f i r s t  column being t h e  node number, t h e  szcond c o l u m  being t h e  i n i t i a l  
tempera ture  and t h e  t h i r d  column being t h e  capaci tance .  I t  should be  
p a r t i c u l a r l y  noted  t h a t  those  nodes wi th  a capac i t ance  of .02 ( t h e  last  17 
nodes w i t h  a capac i t ance  va lue )  were i n  r e a l i t y  a r i t h m e t i c  nodes b u t  a 
s m a l l  c apac i t ance  was inc luded t o  f a c i l i t a t e  t h e  c o r r e c t i o n  procedure. The 
Kalman f i l t e r i n g  method does n o t  accommodate zero-capaci t y  nodes. 
On pages ~5 and D-6 a r e  l i s t s d  the  conductor va lues  w i t h  t h e  f i r s t  
column being t h e  conductor number, the second and t h i r d  columns b e i n g  the  
conductor va lue .  The minus s i g n  i n  f r o n t '  o f  the  node nurnber ( f i r s t  column) 
means t h a t  t h e  connect ion i s  r a d i a t i o n .  A few o f  t h e  conductors  ( r a d i a t i o n  
c o e f f i c i e n t s )  a r e  l i s t e d  t o  be a func t ion  of temperature (denoted by t h e  
code CGS which i s  i d e n t i c a l  t o  the S I N D A  SIV mnemonic code) ; the l e t t e r  Al 
means a r r a y  one and K 1 1  means cons tan t  address  11. 
Now a r r a y  one, A l ,  con ta ins  the  genera l  f u n c t i o n a l  r e l a t i o n s h i p  
between the  conductor  va lue  and t h e  temperature ; s p e c i f i c  v a r i a b l e  con- 
duc to r  va lues  a r e  genera ted  by mul t ip ly ing  the  d a t a  i n  A 1  by the  va lues  i n  
a 
the  cons tan t s  address  K 1 1 ,  K12,. . . , etc. The BCD 3 ARRAY DATA b lock,  a s  
shown on page D-7, shows a sequence of numbers: 1 is the  a r r a y  number, 
-460 is the  temperature i n  O F  and .35 is t h e  thexmal conduc t iv i ty  a t  - 4 6 0 ° ~  
and s o  f o r t h .  The BCD 3CONSTANTS DATA b lock shows a sequence of  numbers: 
11 is t h e  c o n s t a n t s  address and -2.85 E-10 i s  the  va lue  contained i n  address  
11. The minus s i g n  means t h a t  the  i i ~ t c r p o l a t i o n  is based upon t h e  first 
i n d i c a t e d  nodal  temperature.  
The hea t  input  t o  the  var ious  nodes is l i s t e d  i n  the  BCD 3VARIABLES 
1 block ins tead  of the  source block and is shown on page D-7. For example, 
STFSEP (59.904, 471, 4103, 472) means t h a t  a constant  hea t  input  of '59.904 
Btu/hr is impressed on nodes 71, 103, and 72. A l l  impressed hea t  sources 
a r e  constant .  
D. 2 NASA/MSC "50-Node" Mass Spectrometer Model 
The NASAIMSC model of approximately 50 nodes is i d e n t i f i e d  and 
described here  by a SINDA computer . l i s t i n g .  The node da ta  block ind ica t ing  
node number, i n i t i a l  nodal temperature, and a capacitance a r e  tabulated on 
pages w8. On pages &9 and D - i O  are l i s t e d  the  conductor da ta ;  no te  t h a t  
most of the conductors a r e  temperature dependent as ind ica ted  by the  
SINDA mnemonic code SIV. 
On page 0-11 is the  constants  block containing constants address 
K l  through K14; constants  i n  these  addresses are used i n  conjunction wi th  
the hea t  input  spec i f i ed  i n  BCD 3VARIABLES 1 on page 0-12. On pages &I1 
and D-12 are l i s t e d  the  a r ray  d a t a  A l  through A14 which a r e  associa ted wi th  
the conductor data ,  a r rays  Al6, A45, A46, and A47 assoc ia ted  wi th  the  hea t  
source ( t i m e  versus h e a t  input)  , ar ray  20 which is assoc ia ted  wi th  the  
lunar  plane (tirne versus temperature) and A21 which is assoc ia ted  wi th  the  
cold w a l l  ( t i m e  versus  temperature). 
D . 3  NASA/%C "500-Node" STB Thermal Model* 
NASh'MSC "500-node" subsys t e m  test bed (STB) thermal model contains 
380 d i f fu s ion  nodes, 144 a r i t hme t i c  nodes and 5 boundary nodes. Connections 
t o t a l  1346 which represents  1052 l i n e a r  and 294 rad ia t ion  coupling. 
Because of the  l a r g e  number of input  e n t r i e s  only the  node da t a  a r e  l i s t e d .  
* Mobley, T.B., Smith, J.P., and Seward, R.E. "Subsystems T e s t  Bed Thermal 
Mathematical Model Correlat ion," Report No. 12245-H003-R000, June 29, 
1970, TRIJ Sys tems. 
Mobley , T.B. , Smith, J.P. , and Seward, R.E. "Subsys tems Test Bed (STB) 
Thermal Model (W) Documentation , I 1  Report No. 12245-H004-F.000, 




Insulat  ion Feed Horn (196,197,198,199) 6 ,37,98,99)  
1-IECPAY ICALLY DESP 
(100,131,102 ) 
Omni Closeout (71 
Lower Closure 
- Polarizer  
' 6 A . d  
Surface 
Cl~::ilre I L ~ o w e r  Bearing (113) Column )lousing (110) ;Housing Base (116,117) 
(134 j U Surf ace 
(135) 
Diplexer (20) - 




E'igure D-.1 TRW "5'3-Node" Model 
TABLE D-1 





bco w o o c  o u n  
110, 6 r O O O d ~ ~ + ~ l n  6rS0000t'Ol 
53 n 10l!9000E+~2~ lrl6~00k'01 
103, S ~ O Q O U O € + P I B  ~a30000L=02 
71 S O C O O O Q E + C ~ ~  ~ ~ J ~ o u o L ' o ~  
72 B ~ o C U O O G F * ~ ~ ~  2a 0000L~02 
85  B ba00000~+~;1 B 1067000€'02 
86 n 6r30000~+.]1 B 1. 67000tT02 
(I7 n ~*00000€*rln 1067000~'02 
8 8  n 6rilQOO0L+'l~ la670~0t=02 
89 r 6.00000E*~ln 1067000t'02 
909 7 a S O G ~ O E + I J  1 ~a70060€'0t 
91, 7 a 0 0 0 ~ 0 ~ + ~ 1 n  qe70000k'02 
968 5 . 0 @ 0 0 ~ ~ + t ~ ~  6.0000~t'02 
97, Sa00G00E+", ,.00000L=02 
O R B  5*0@0bo€+( 1 ~.0000~~'02 
99 r S ~ ~ G O ~ O E + C , ~  B 6,0300~t'0t 
101 , ~.ZOOOOE+SZ, ~ . ~ ~ O O O ~ = O I  
1021 1*1'400CE*~2, lr8900~LtOl 
104 r I ~ ~ ~ ~ U O C E + Q Z ~  7.3~0i~0&'02 
1OSn l.10000F+02B 4.572O0~'01 
106, 7 a 9 ~ 0 3 0 ~ + ~ 1 ,  1 58000.EZ0 1 
LO'!-, 1alq000E.+~2, 2a65000~'01 
l l l r  9 a O U O 00~+~1 , 2 .  ZOOCOL'O~ 
112, 9. 1000OE+~ln 2.30000L'01 
l l q n  7a00060~+~1, 4, 00060k=02 
115r 7r58CQSE+'1, 2e90000~'01 
116s 7e50000~+t]l~ 3 a 2 8 0 0 0 ~ ~ 0  1 
134 n 5.0@000€+31, 4 1580~k'0 1 
135 fi 4 0 9 0 0 b 0 ~ + ~ 1  1a9300@L=00 - 
50 n 1 *0@060~+02 B 0.02 
51 r 1 ~ 1 0 0 0 0 ~ + 0 t ~  0,02 
5 2  B 103600~€+52, 0.02 
100, q*00OQOE+JI, Go02 
107, la1900~€+02, 0092 
109, 1a0400GE+02, 0.02 
113, 8*OCOOOE+G1, 0.02 
117, ~ ~ S G O O O E + G ~ ,  0.02 
120 n ~ ~ 0 0 0 0 0 € + 0 1 ,  0 . 0 2  
180, 5*60000f+01, 0.02 
1&9, S ~ O ~ I O ~ G E + C ~ ~  0.02 
196 n 3r0000~f+~l, 0.02 
1 9 7 ,  ~ * 0 0 0 ~ ~ € + 0 l n  0.02 
1 9 0 ~  3r0~060€+~1, 0.02 
199, 3*00000i*01, 0.02 
2 8 0 ,  6*00000~+31, 0.02 
282, ~aOoQ00€+01, 0102 
- 1  * *4*60000E*02, 0 I 
- 1 0 ~  B*SO000f+~l, 0 l 










88 8 1  
Omni 
88 
Outside su r f  ace of lower closure 
Inside 8 1  I 8  88 88 
Bottom closure 
Upper housing 
Lower end of lower s h a f t  
Upper end II 88 tt 
Polar izer  
(As  shown i n  Figure D-1) 
Housing base 
Outside surface of S & A 
Inside surface of S & A 
Omai 













Boundary temperature (platform) 
88 11 . (diplexer) 
TABLE D-2 
CONDUCTOR DATA, TRW SO-NODE MODEL 
COND. NODE NODE VALUE 
# I # 
acg 3 c O t ~ O u C 1 . 1 ~  2 r 7 A  
1U, r a ,  97, 
1 1 ,  '17, VU, 
12, $ 8 ,  Y Y ,  
13, $ 9 ,  96, 
13, 3 6 ,  11L, 
151 4 7 ,  112, 
1 6  + I ) ,  112, 
17, 3 9 ,  112, 
l e ~  I! 1 ,  ltG, 
19, 50, IGU, 
21, 112, 1 1 1 ,  
2 0 ,  112, 1C9, 
22, 1 9, I G U ,  
23, 1 1 1 ,  113, 
24, 113, 110, 
2 5 8  115, 166, 
2 6 ,  1-4, 189, 
30, ll't, 115, 
31, 1158 117, 
32, 115, 110, 
3 3 ,  116, 117, 
40, lee ,  169, 
41, ld9, 105, 
'42, 1 ~ 5 ,  101, 
50, 8 5 ,  86 ,  
SIB 5 5 ,  87, 
5 2 ,  5 8 d ,  
5 3 ,  d 5 ,  b 9 ,  
54, H6, 87, 
5 5 ,  4 7 1  B 8 ,  
56, 8 8 ,  b 9 ,  
5 7 ,  n9, 8 6 ,  
6!3, 1 1 0 ~  167, 
61, 1-78 lOZs 
62, 116, 106s 
1 0 ,  1; I ,  $ 0 ,  
7 1 ,  30, 1C8, 
7 3 ,  ld9, 5 1 ,  
74, 51, 102, 
788 1.~8, 5 3 ,  
7 9 ,  33, 107, 
6 0 ,  1 - 7 8  5 2 ,  
818 5 0 ,  5 2 ,  
90s 1J4, 135, 
103, 71, 103, 
IU4, 7 2 ,  1G3, 
107, 101, 
COND. NODE NODE 
# # I 
VALUE 
TABLE D-2 (Cont.) 
CONDUCTOR DATA, TRW 50-NODE MODEL 
COND. NODE NODE 
rl # I 
VALUE COND. NODE NODE VALUE 
# # # 
-353s 11Oe 106, 6.1944OE-11 ' 
- 3 5 9 ~  110, 1058 3eb9720k-I1 
-3558 135, 106, 2eL~82lt-10 
-356e 508 1 e 9eAq66SL-12 
-357e 1 ' J l e  1 e le~Oll4t-11 
-358e Ste 1 e 1 l JS536L-10 
-205, 1638 1 B 'te99yY6L-lG 
-3338 71, 1 e 'teVOq46L-13 
-335, IZe 1 e 'te99496L-lo 
-263, 1b3e 52 e 3ev668Ok-11 
'265e 1u3e 101, SeU9251E~lI 
- 2 6 7 ~  143, 10Ze 5.~92SlL-11 
-337, 7 5Ze 3ey668OE-11 
- 3 3 8 ~  1 1 8  101, 5eU9ZSlL-ll 
-339# 7 1 8  102, SeU925lE-11 
-340 e 12, 52e 3eV6680E-11 
- 3 4 1  I 721 1 0 1 ,  ~ O U ~ Z S I E - I ~  
-392, 12, 10ZI Yob2667t-11 
-206, 1348 1 e 2rU6759L-10 
- 3 6 0 ~  112, 1 e 6e68tS7E-12 
-223, 1969 120s ae520bE-11 
-224, 197, 120e 3.784vE-11 
-225, 198, 120e 3e7849E-11 
-226@ 199, 120e 3e520eE-ll 
-243, -196, 100e br2'42qE-11 
-24YI 1978 100e 6.7lGbE-11 
-2q5e 198e 100e 6e7106E-il 
-246e 199, 100, 6 .242 '4E- l l  
C G S  -221e lzte 90, A l e  K 1 1  
C G S  -222, LZ;# O l e  A l e  Kl2 
C G S  -219, 1 2 ~ e  1 ,  A l e  K13 
L G S  -212, 1968 1 ,  A l e  K1'4 
C G S  -213, 191, l e  A l e  K15 
C G S  -ZIY, i 9 ~ ,  1 ,  ~ 1 ,  K L I  
CGS -215, 199e 1, A l e  K A 7  
< G S  0 2 1 6 ~  1OlJe 1, A l e  Kt8 
C G S  -2Ofe 1031 120; A I @  K19 
~ G S  -334e 71e 120e A l e  K20 
~ G S  -336, 729 120, A l e  K 2 t  
~ G S  -208, 10'4, 1200 A l e  K T 2  
TABLE D-3 
CONSTANTS, ARRAY, AND HEAT INPUT DATA 
TABLE D-4 
NODE DATA, NASAIMSC 50-NODE MODEL 
2 6  155. t 
- - - -- 
a p t  18 
39 155, n a72 
27 ,55a t 
-----.--.- - 
,0195 
2 8  t5sa 8 ; o i  10  
TABLE D-5 . 
CONDUCTOR DATA, NASA/MSC 50-NODE MODEL 
S I V  ~ C ~ 2 1 1 2 ? , A j t K 4 1 ) t 4 1 ~ ~ 2 ~ 2 3 ~ A l ~ K 9 1  
S 1 V  4 Z ~ 2 3 , 2 L ( , ~ ~ . ! ~ ~ 4 2 ~ L ( J ~ i f ~ ~ 2 1 ~ A l , ~ 4 I ~ 4 4 m ? 5 t 2 6 , A l , K 4 4 ~ 4 S e Z i , ~ 2 7 ~ A 1 , E Y 5  
S IV  ~ 6 r 2 7 , 2 8 , ~ ~ ~ K ~ 6 , J 7 ~ Z P * 2 S ~ A ~ 1 K ~ 7 ~ 4 P ~ 2 l ~ ~ 5 ~ A ~ ~ K ~ 8  
S 1 J  49tl2t26,AI ~ K ~ 9 , 5 ~ , 2 3 ~ 2 7 ~ A l ~ K S n ~ ~ 1 , 2 ~ * 2 8 ~ A l m ~ 5 1  
TABLE D-5 (Con t . ) 
TABLE D-6 
CONSTANTS, ARMY ASD HEAT INPUT DATA 
TABLE D-6 (Cont .) 
D I D L G ~ ( T I M E ~ * A Z O , T ~ C O !  - .  .---- -- - -  - 
~ ~ o E G ~ ( T ~ ~ ~ ~ ~ ~ z ~ ~ T ~ ~ ~ )  
O l ~ ~ G l ( T l M ~ ~ r A 1 6 e Q 6 1 )  - -  - - -  - -  - - -- . . - 
o t o ~ ~ i t ~ p t ~ , ~ s t , U O 2 )  
- . D ~ O E G I  T I M L ' ~ ~ ' ! ~ D ~ O ~ ) _  - - - - - - ------ - - -  --- ----- - 
o I o E G ~ ( T I ~ E H ~ ~ Y S , O ~ ~ J  
~ F ~ T ~ ~ I L M ~ L E ~ ~ ~ ~ @ O ~ )  G O  T O  4 0  
~ F ( T I ~ E H ~ G ~ ~ ~ ~ ~ ~ ~ ~ ~ A N O ~ T ~ M ~ H ~ L E ~ ~ ~ ~ ~ ) O ~ )  G O  10 0 
- 1 ~ ( 7 l ~ € ~ e ~ f e 6 ~ ? C ~ 0 e e A N o m T 1 ~ ~ ~ M ~ ~ E m 1 1 7 9 O n e )  GO 7 0  40 
I F ( T I M E H ~ c T ~  1 1  7 9 O 0 * )  G O  T O  1 0  
--- 1 P .- c nkTl!!~- -- - - -  - - .- - . -  - .- - .. . -- .---a- - -  
s~rrvil2.rl , Q R I ~  
4 0  C o w  INUE 
. --- - - - .--- 
END 
TABLE D-7 
NODE DATA, NSA/;XSC 500-NODE MODEL 
TABLE D-7 (Cont.) 
TABLE D-7 (Cont.) 
